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ABSTRACT 

The research on phosphorus-chalcogen compounds enjoys a long tradition in the field of 

inorganic chemistry, which has led to applications such as strike-anywhere matches, 

precursors for metal chalcogenide thin films and versatile reagents in organic synthesis. 

Whereas a wide range of phosphorus-sulfur and -selenium systems is known, the literature 

lacks information about compounds incorporating phosphorus-tellurium bonds.  

This thesis describes fundamental studies that develop the basic understanding of the 

synthesis of phosphorus-tellurium systems and the structural characteristics of these 

species. The focus will be on cyclic structural motifs as these offer novel bonding modes and 

often an interesting reactivity. In addition, the novel compounds are compared with the 

properties of the sulfur and selenium analogues.  

Three different approaches were developed to stabilise and study compounds incorporating 

phosphorus-tellurium bonds: a) Stabilisation of binary organophosphorus-tellurium 

heterocycles by bulky substituents, b) the utilisation of P2N2 rings based on the dianions 

[{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) and c) the peri-substitution of phosphorus and 

tellurium atoms on an acenaphthene backbone. 

The use of sterically demanding substituents led to the isolation of the first series of 

structurally characterised organophosphorus(III)-tellurium heterocycles of the type (RP)nTem 

including three- to six-membered ring systems. 

The mild oxidation of [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) with iodine yielded macrocyclic 

(S, Se) or oligomeric systems (Te). Furthermore, a collection of novel P2N2-supported 

phosphorus-chalcogen heterocycles incorporating main group elements was synthesised 

employing [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) in metathetical reactions with main group 

element halides. Extension of this approach to transition metal halides generated some 

unusual metallocycles, as well as macrocycles and ladders incorporating coinage metals.  

The first peri-substituted phosphorus-tellurium species were studied regarding their 

interatomic and intermolecular forces. Systems of the general formula RTe–Acenap–P(iPr)2 

were shown to exhibit extensive through-space spin-spin coupling. In addition, the influence 

of oxidation and complexation on these interactions was investigated and the formation of 

peri-substituted phosphorus-tellurium cations exhibiting P–Te bonds was observed. 



 

 

ACKNOWLEDGEMENT 
The work that went into completing this document would not have been possible without the 

assistance, guidance, and support of many people. While there are surely more than those I 

list here, I would like to take this opportunity to thank several of them individually for their 

contributions to this work and my personal and academic developments. 

Firstly, I would like to thank Prof J. Derek Woollins. By taking me into his group as a PhD 

candidate he gave me the opportunity to study some fantastic molecules and to develop my 

chemical skills in multiple discussions and conferences. Prof J. D. Woollins provided me with 

a balance of focus and freedom that has served to let my projects develop fruitfully and led to 

a number of nice publications. Prof J. D. Woollins was also the person to suggest and 

support the internship with Prof Tristram Chivers. As part of my PhD Prof Chivers invited me 

into his group in Calgary, Alberta, Canada. From the beginning he supported my work on 

phosphorus-tellurium heterocycles and shared ideas and his great experience with me. 

Besides giving me a new perspective on my initial project we started working on similar P2N2-

supported systems, a project that developed very successfully not least because of Prof 

Chivers outstanding support. I think of me being very lucky to be able to work with these two 

excellent professors that are undoubtedly on the top of the area of main group chemistry. 

Besides their expertise they both were able to provide an extremely pleasant overall 

atmosphere not least due to their outstanding personalities. 

Getting to this point certainly would not have been possible without the rest of the Woollins 

and Chivers group. They are graciously acknowledged for the environment they have 

provided, where there has been a productive exchange of both ideas and materials that have 

allowed for this work to be accomplished. Thus, I graciously thank Dr Brian A. Surgenor, 

Brian A. Chalmers, Dr Fergus R. Knight, Dr Brian Morten Fernandez, Dr Matthew J. Ray, Dr 

David B. Cordes, Paula Sanz Camacho, Louise M. Stephens, Junyi Du, Laurence J. Taylor, 

Phillip S. Nejman, Nicholas Black and Dr Guoxiong Hua. During the years they supported me 

with their knowledge, their experience or just by providing a great atmosphere. A big “thank 

you” is also going out to my project, bachelor and master candidates that were all absolutely 

great people and are going to be even better chemists. Thank you Joanna, Katharina, Laura 

and Maximilian. 

Furthermore, Prof A. M. Z. Slawin should be acknowledged for the support regarding all X-

ray structure matters. She is surely a well-experienced and great crystallographer and an 

even greater personality; she is both special and just lovely. In the area of X-ray 

crystallography and the solution of my sometimes very hard to solve structures Kasun S. 

Athukorala Arachchige, Dr David B. Cordes and Dr Thirumoorthi Ramalingam should be 



 

 

specially acknowledged. Furthermore, I would like to thank Dr Thirumoorthi Ramalingam for 

his great support in all chemistry matters during my time in Calgary and Kasun for spending 

uncountable weekends with me measuring my crystals in St Andrews.  

I would also like to thank Prof Ignacio Vargas-Baca of the McMaster University, Hamilton, 

Ontario, Canada for his calculations on the trimeric diselenide and some ditellurides and 

Michael Bühl for calculations related to my work in St Andrews. For the financial support I 

would like to thank the University of St Andrews, Prof Tristram Chivers as well as the Russell 

Trust Award. Prof Petr Kilian and Prof Konstantin Karaghiosoff should also be graciously 

acknowledged for a lot of great discussions about chemistry and for their ongoing support 

during my thesis. Surely, Prof J. Beckmann and his PhD student Emanuel Hupf are 

graciously acknowledged for the collaboration on my peri-substituted P–Te acenaphthenes. 

Finally, it is unfathomable that I would be here today without the support and encouragement 

of my family, especially my parents Elisabeth and Werner Nordheider as well as my sister 

Ann-Kathrin Nordheider. Last but not least I would like to thank Laura, for being great and for 

being always there, when I need or needed her. I thank them for all they have provided and 

their interest in what I did and do.  



TABLE OF CONTENTS 

 

Table of Contents 
GENERAL INTRODUCTION........................................................................................................... 1 

A OUTLINE ......................................................................................................................... 1 
B PHOSPHORUS – A SHORT INTRODUCTION......................................................................... 4 
C TELLURIUM AND ITS CHEMISTRY ...................................................................................... 5 

PROPERTIES ...................................................................................................................... 5 
CHEMISTRY AND COMPOUNDS............................................................................................ 6 
APPLICATIONS ................................................................................................................... 7 

D THE PHOSPHORUS-TELLURIUM BOND AND ITS COMPOUNDS ............................................. 8 
E RESEARCH OBJECTIVES ................................................................................................ 15 

CHAPTER I: ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES ........................................ 17 
I.1 INTRODUCTION............................................................................................................. 18 

A TELLURIUM-CONTAINING HETEROCYCLES .................................................................. 18 
B PHOSPHORUS-CHALCOGEN HETEROCYCLES .............................................................. 20 
B1 PHOSPHORUS-SULFUR/SELENIUM HETEROCYCLES .................................................. 20 
B2 PHOSPHORUS-TELLURIUM HETEROCYCLES .............................................................. 21 
B3 SYNTHESIS OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES..................... 23 
B4 STABILITY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES....................... 25 
B5 CONCLUSIONS ABOUT ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES.......... 25 
C OBJECTIVES .............................................................................................................. 26 

I.2 RESULTS AND DISCUSSION .......................................................................................... 27 
A  SYNTHESIS OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES...................... 27 
B NMR SPECTROSCOPY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES...... 33 
C X-RAY STRUCTURES OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES......... 39 
D REACTIVITY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES...................... 43 

I.3 CONCLUSION AND FUTURE WORK ................................................................................ 44 

CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS ................. 47 
II.1 INTRODUCTION............................................................................................................ 48 

A INTRODUCTION INTO CYCLODIPHOSPHAZANES – THE CHEMISTRY OF P2N2 RINGS ....... 48 
B ANIONIC PNP-SUPPORTED PHOSPHORUS-CHALCOGEN COMPOUNDS......................... 48 
C DIANIONIC BIS(TERT-BUTYLAMINO)CYCLODIPHOSPH(III/III)AZANES AND THEIR  

CHALCOGEN DERIVATIVES ............................................................................................... 49 
D REACTIVITY OF ANIONIC PNP AND P2N2 SYSTEMS ..................................................... 51 
E OBJECTIVES .............................................................................................................. 53 

II.2 RESULTS AND DISCUSSION ......................................................................................... 54 
A A NEW P2N2-SUPPORTED PRECURSOR COMPOUND FOR Te-CHEMISTRY .................... 54 



TABLE OF CONTENTS 

 

B TRANSFORMATION OF I-1 TO A TELLURIUM DERIVATIVE .............................................. 56 
C PREPARATION OF A DIANIONIC MIXED-TE,SE SPECIES SUPPORTED BY P2N2 RINGS .... 59 
D P2N2-STABILISED MAIN-GROUP-ELEMENT-TELLURIUM HETEROCYCLES AND THEIR  

CHALCOGEN ANALOGUES................................................................................................. 62 
III.3  CONCLUSION AND FUTURE WORK ............................................................................. 97 

A CONCLUSION............................................................................................................. 97 
B FUTURE WORK ........................................................................................................ 100 

CHAPTER III: PHOSPHORUS-CHALCOGEN MACROCYCLES INCORPORATING P2N2 SCAFFOLDS 103 
III.1  INTRODUCTION........................................................................................................ 104 

A INTRODUCTION INTO CHALCOGEN BASED MACROCYCLES ......................................... 104 
B OBJECTIVES ............................................................................................................ 106 

III.2  RESULTS AND DISCUSSION ..................................................................................... 107 
A A SELENIUM MACROCYCLE STABILISED BY P2N2 RINGS ............................................ 107 
B REACTIONS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) ......................................... 114 

C A SULFUR MACROCYCLE STABILISED BY P2N2 RINGS. .............................................. 118 
D PHOSPHORUS-TELLURIUM DERIVATIVES .................................................................. 122 

III.3  CONCLUSION AND FUTURE WORK ........................................................................... 131 
A CONCLUSION........................................................................................................... 131 
B FUTURE WORK ........................................................................................................ 131 

CHAPTER IV: METALLOCYCLES ON THE BASIS OF CHALCOGENATED P2N2 COMPOUNDS......... 134 
IV.1  INTRODUCTION ....................................................................................................... 135 

A INTRODUCTION INTO P2N2-BASED COORDINATION CHEMISTRY.................................. 135 
B DICHALCOGEN PNP-BASED COORDINATION CHEMISTRY .......................................... 136 
C DICHALCOGENO P2N2-BASED COORDINATION CHEMISTRY........................................ 138 
D OBJECTIVES ............................................................................................................ 139 

IV.2 RESULTS AND DISCUSSION ...................................................................................... 140 
A COORDINATION CHEMISTRY OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3........................... 140 

B COORDINATION CHEMISTRY OF [tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se) .......... 143 

C TELLURIUM DERIVATIVES DERIVED FROM [tBuN(Te)P(µ-NtBu)2P(Te)NtBu]2−........... 160 

IV.3 CONCLUSION AND FUTURE WORK............................................................................ 166 
A  CONCLUSION.......................................................................................................... 166 
B  FUTURE WORK ....................................................................................................... 167 

CHAPTER V: PHOSPHORUS-TELLURIUM COMPOUNDS SUPPORTED BY ORGANIC BACKBONES 170 
V.1 INTRODUCTION INTO PERI-SUBSTITUTION................................................................... 171 

A SYNTHESIS AND PROPERTIES OF COMPOUNDS EXHIBITING PERI-SUBSTITUTION........ 171 
B THROUGH-SPACE SPIN-SPIN COUPLING IN PERI-SUBSTITUTED SYSTEMS.................. 175 



TABLE OF CONTENTS 

 

C OBJECTIVES ............................................................................................................ 176 
V.2 RESULTS AND DISCUSSION....................................................................................... 177 

A PERI-SUBSTITUTED RTe–Acenap–P(iPr)2 SYSTEMS ................................................ 177 
B CATIONIC Acenap–P(iPr)2–Te SPECIES WITH DIFFERENT COUNTERIONS.................. 202 
C INSERTION OF ORGANOPHOSPHORUS SCAFFOLDS IN DITELLURIDES ......................... 213 

V.3  CONCLUSION AND FUTURE WORK............................................................................ 214 
A CONCLUSION........................................................................................................... 214 
B FUTURE WORK ........................................................................................................ 215 

CHAPTER VI: RELATED PHOSPHORUS AND TELLURIUM COMPOUNDS ..................................... 218 
VI.1 RESULTS AND DISCUSSION...................................................................................... 218 

GENERAL CONCLUSIONS ....................................................................................................... 224 

EXPERIMENTAL PART ............................................................................................................ 229 
A. MATERIALS AND METHODS......................................................................................... 229 

A.1 NMR SPECTROSCOPY.......................................................................................... 229 
A.2 MASS SPECTROMETRY ......................................................................................... 230 
A.3 INFRA-RED AND RAMAN SPECTROSCOPY .............................................................. 230 
A.4 ELEMENTAL ANALYSIS AND MELTING POINTS......................................................... 230 
A.5 X-RAY CRYSTALLOGRAPHY ................................................................................... 230 
A.6 COMPUTATIONAL METHODS .................................................................................. 231 
A.7 GENERAL SYNTHETIC CONSIDERATIONS................................................................ 232 

B. EXPERIMENTAL PROCEDURES – STARTING MATERIALS ................................................. 233 
B.1 SYNTHESIS OF AdPCl2.......................................................................................... 233 
B.2 SYNTHESIS OF FcPCl2 .......................................................................................... 233 
B.3 SYNTHESIS OF Na2Te and Na2Te2:....................................................................... 234 
B.4 SYNTHESIS OF BIS(TRIMETHYLSILYL)TELLURIDE (SiMe3)2Te................................... 234 

C EXPERIMENTAL PROCEDURES – CHAPTER I ................................................................. 235 
GENERAL REACTION OF DICHLOROPHOSPHANES WITH TELLURIUM SOURCES .................. 235 
C.1 REINVESTIGATION OF tBuPCl2 WITH DIFFERENT TELLURIUM SOURCES .................. 235 
C.2 SYNTHESIS OF (PhP)4Te (I-3b)............................................................................. 236 
C.3 SYNTHESIS OF (FcP)4Te (I-3c) ............................................................................. 237 
C.4 SYNTHESIS OF (AdP)2Te (I-1d), (AdP)3Te (I-2d) and (AdP)3Te2 (I-4d) ................. 238 
C.5 SYNTHESIS OF (Mes*OP)2Te (I-1e) ...................................................................... 239 
C.6 SYNTHESIS OF (Mes*P)3Te3 (I-5f)......................................................................... 239 
C.7 SYNTHESIS OF (TrtP)3Te3 (I-5g) and (TrtP)3Te (I-2g): .......................................... 240 

D EXPERIMENTAL PROCEDURES – CHAPTER II ................................................................ 241 
D.1 SYNTHESIS OF nBuNa .......................................................................................... 241 



TABLE OF CONTENTS 

 

D.2 SYNTHESIS OF [Na]4[tBuNP(µ-NtBu)2PNtBu)]2 (II-1) ............................................ 241 

D.3 SYNTHESIS OF [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2, P-2) ........... 241 

D.4 SYNTHESIS OF [Na(TMEDA)]2[tBuN(Se)P(µ-NtBu)2P(Te)NtBu)] (II-3) ................. 242 

METATHETICAL REACTIONS............................................................................................ 243 
D.5 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) ......................................... 243 

D.6 ALTERNATIVE SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4).................... 244 

D.7 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) ......................................... 244 

D.8 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) + [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7) + [(tBu(H)N(Se)P(µ-NtBu)2P(Se)tBuN)]2(µ-N,Se-Te) 

(BP-3) ........................................................................................................................... 246 
D.9 SYNTHESIS OF [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a)..................... 247 

D.10 SYNTHESIS OF [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(tBu)–Te)] (II-8b).................. 248 

D.11 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a)....................... 248 

D.12 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b)...................... 249 

D.13 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(Ad)S)] (II-12a) + [(tBu(H)NP(S)(µ-

NtBu)2P)(µ-N(tBu)P(Ad)S)] (II-11a) .............................................................................. 250 

D.14 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(tBu)S)] (II-12b) + [(tBu(H)NP(S)(µ-

NtBu)2P)(µ-N(tBu)P(tBu)S)] (II-11b) ............................................................................. 251 

D.15 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(NiPr2)S)] (II-12c) + 

[(tBu(H)NP(S)(µ-NtBu)2P)(µ-N(tBu)P(NiPr2)S)] (II-11c) ............................................... 252 

D.16 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) ........................ 252 

D.17 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSb(Ph)Te)] (II-14)....................... 253 

D.18 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15)........................ 253 

D.19 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SAs(Et)S)] (II-16)............................ 254 

D.20 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17) ..................... 254 

D.21 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeGe(Ph)2Se)] (II-18) ..................... 255 

D.22 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a)................... 256 

D.23 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(nBu)2Te)] (II-19b).................. 256 

D.24 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(Ph)2Te)] (II-19c) .................... 257 

D.25 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20) .................... 257 

D.26 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21) ........................ 258 

D.27 SYNTHESIS OF [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-N,Te-

(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-22)....................................................................... 260 

D.28 SYNTHESIS OF [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-

(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-23)....................................................................... 260 



TABLE OF CONTENTS 

 

E EXPERIMENTAL PROCEDURES – CHAPTER III ............................................................... 262 
E.1 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1)....................................... 262 

E.2 II-2A: REACTION OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with 3 I2 ................. 263 

E.3 II-2B: REACTION OF [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) with I2 ........... 263 

E.4 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3)......................................... 264 

E.5 SYNTHESIS OF [Li(TMEDA)]2[(tBuNP(µ-NtBu)2PNtBu)2(µ-Te2)] (III-4).................. 265 

E.6 SYNTHESIS OF [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) ...... 265 

TELLURIUM BASED SIDE PRODUCTS, OBSERVED IN NUMEROUS REACTIONS.................... 267 
E.7 [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6)................................................................ 267 

E.8 [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7).................................................... 267 

F EXPERIMENTAL PROCEDURES – CHAPTER IV............................................................... 268 
F.1 SYNTHESIS OF [{tBuHN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Ag)][SO3CF3] (IV-1) ..... 268 

F.2 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) ......... 268 

F.3 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAg(NHC)Se)] (IV-3) ...................... 269 

F.4 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAgSe)]4 (IV-4) ............................... 270 

F.5 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) ............................... 271 

F.6 SYNTHESIS OF [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) ...................... 272 

F.7 SYNTHESIS OF {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7)............................... 272 

F.8 SYNTHESIS OF {[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]Au2[tBuN(S)P(µ-

NtBu)2P(S)NtBu]}2{µ-Au2} (IV-8)................................................................................... 273 

F.9 SYNTHESIS OF {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9).......................... 274 

F.10 SYNTHESIS OF [Cp*Rh][{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (IV-10)............. 275 

G EXPERIMENTAL PROCEDURES – CHAPTER V ............................................................... 276 
GENERAL REACTION OF (iPr)2P–Acenap–Br WITH DITELLURIDES ................................... 276 
G.1 SYNTHESIS OF MesTe–Acenap–P(iPr)2 (V-1) ...................................................... 277 
G.2 SYNTHESIS OF TipTe–Acenap–P(iPr)2 (V-2) ........................................................ 278 
G.3 SYNTHESIS OF NapTe–Acenap–P(iPr)2 (V-3) ...................................................... 279 
G.4 SYNTHESIS OF p-AnTe–Acenap–P(iPr)2 (V-4) ..................................................... 280 
G.5 SYNTHESIS OF PhTe–Acenap–P(iPr)2 (V-5) ........................................................ 281 
G.6 SYNTHESIS OF TolTe–Acenap–P(iPr)2 (V-6) ........................................................ 282 
G.7 SYNTHESIS OF p-tBuPhTe–Acenap–P(iPr)2 (V-7) ................................................ 283 
G.8 SYNTHESIS OF p-FPhTe–Acenap–P(iPr)2 (V-8) ................................................... 283 
G.9 SYNTHESIS OF MesTe–Acenap–P(S)(iPr)2 (V-9) ................................................. 284 
G.10 SYNTHESIS OF MesTe–Acenap–P(Se)(iPr)2 (V-10) ........................................... 285 
G.11 SYNTHESIS OF [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11)................................... 286 



TABLE OF CONTENTS 

 

G.12 SYNTHESIS OF [MesTe–Acenap–P(iPr)2][AuBr] (V-12) + TeCl3–Acenap–PO(iPr)2  

(V-13) 287 
CATIONIC SYSTEMS ....................................................................................................... 288 
G.13 SYNTHESIS OF [Te–Acenap–P(iPr)2][Cl] (V-14) ................................................. 288 
G.14 SYNTHESIS OF [Te–Acenap–P(iPr)2][Br] (V-15) ................................................. 289 
G.15 SYNTHESIS OF [Te–Acenap–P(iPr)2][I] + [Te–Acenap–P(iPr)2][TeI6]0.5 (V-16 + V-

17) 290 
G.16 SYNTHESIS OF [Te–Acenap–P(iPr)2][I] + [Te–Acenap–P(iPr)2][l3] (V-16 + V-18)291 

H EXPERIMENTAL PROCEDURES – CHAPTER VI .............................................................. 292 
H.1 A POLYMERIC Te COMPOUND – “KRABBELKÄFERLAURIEVERBINDUNG” (VI-1) ......... 292 
H.3 INFORMATION ABOUT FcPCl2 (VI-2) ...................................................................... 292 
H.2 INFORMATION ABOUT (AdP)4 (VI-3)....................................................................... 292 
H.4 SYNTHESIS OF TeCl2PnBu2tBu (VI-4) .................................................................. 293 

APPENDIX.............................................................................................................................. 295 
A CRYSTAL STRUCTURE DATA ....................................................................................... 295 
B LIST OF COMPOUNDS AND NUMBERING SCHEME.......................................................... 295 
C REFERENCES .............................................................................................................. 298 

 



LIST OF SCHEMES 

 

List of Schemes 
Scheme 1: Synthesis of a four-membered tellurium and nitrogen containing heterocycle. 18 
Scheme 2: Synthesis of 1,2-isotellurazoles. 18 
Scheme 3: Synthesis of telluradiazoles. 19 
Scheme 4: Synthesis of the first tellurium-substituted diphospole. 19 
Scheme 5: Known pathways to organophosphorus(III)-tellurium heterocycles. 23 
Scheme 6: Potential pathway of the condensation of RPCl2 with (Me3Si)2Te. 24 
Scheme 7: Reinvestigation of the reactions of tBuPCl2 with different tellurium sources. 28 
Scheme 8: Products of the reaction of PhPCl2 with (Me3Si)2Te in toluene at 80 °C after 24 h. 30 
Scheme 9: Reaction of FcPCl2 with Na2Te2 in THF to yield (FcP)4Te (I-3c). 30 
Scheme 10: Reaction of AdPCl2 with Na2Te2 in THF. 31 
Scheme 11: Reaction of Mes*OPCl2 with Na2Te2 in THF. 31 
Scheme 12: Reaction of Mes*PCl2 with Na2Te2 in THF. 32 
Scheme 13: Reaction of TrtPCl2 with Na2Te2 in THF. 32 
Scheme 14: Synthesis of alkali metal salts of dichalcogenidoimidodiphosphinate anions. 49 
Scheme 15: Synthetic routes to mixed dichalcogenidoimidodiphosphinates. 49 
Scheme 16: 1) Dianionic bis(tert-butylamino)cyclodiphosph(III/III)azane; 2) Synthesis of the lithium derivative. 49 
Scheme 17: Synthesis of alkali metal salts of bis(tert-butylamino)cyclodiphosp(V/V)azane dichalcogenide 

dianions. 50 
Scheme 18: Formation of a monoselenide and subsequent deprotonation to yield the monoanionic ligand. 50 
Scheme 19: Synthesis of a dianionic tellurium precursor for novel tellurium systems. 51 
Scheme 20: Synthesis of unusual dichalcogenides by one-electron oxidation. 52 
Scheme 21: Synthesis of cyclic monocations and mixed dichalcogenidoimidodiphosphinate cations. 52 
Scheme 22: P2N2-supported chalcogen tellurium complexes. 53 
Scheme 23: Synthesis of the disodium salt of dianionic bis(tert-butylamido)cyclodiphosph(III/III)-azane. 54 
Scheme 24: Synthesis of [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2). 56 
Scheme 25: Synthesis of a mixed dichalcogenide compound and the by-products. 59 
Scheme 26: Two reaction pathways to form [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 63 
Scheme 27: Transformation reactions of chalcogen linkages as presented by Sladky et al. 66 
Scheme 28: Formation of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5). 67 
Scheme 29: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with Se2Cl2 in toluene. 69 
Scheme 30: Reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with AdPCl2 and tBuPCl2 in toluene. 74 
Scheme 31: Synthesis of the selenium derivatives [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(R)Se)]. 78 
Scheme 32: Formation of [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] (II-12) and [(tBu(H)N(S)P(µ-NtBu)2P(µ-

NtBuP(R)S)] (II-11). 81 
Scheme 33: Synthesis of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) and [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeSb(Ph)Te)] (II-14). 83 
Scheme 34: Synthesis of the selenium (II-15) and sulfur (II-16) analogue of [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeAs(Et)Te)] (II-13). 84 
Scheme 35: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] with Ph2GeCl2. 86 
Scheme 36: Synthesis of the selenium analogue of II-17, the heterocyclic [(tBuNP(µ-NtBu)2PNtBu)(µ-

SeGe(Ph)2Se)] (II-18). 87 
Scheme 37: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] with different organotin dichlorides. 88 



LIST OF SCHEMES 

 

Scheme 38: Reaction of [Na(THF)2]2[tBuN(E)P(µ-NtBu)2P(E)NtBu] (E = S, Se) with tBu2SnCl2. 90 
Scheme 39: Reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with GaCl3 and InCl3. 94 
Scheme 40: Reactions of [{TeP(NtBu)(µ-NtBu)}2]2− with main group element halides. 97 
Scheme 41: Reactions of [{SeP(NtBu)(µ-NtBu)}2]2− with main group element halides. 99 
Scheme 42: Reactions of [{SP(NtBu)(µ-NtBu)}2]2− with main group element halides. 100 
Scheme 43: Synthesis of organoselenium macrocycles with different ring sizes. 104 
Scheme 44: Synthesis of telluroether based macrocycles. 104 
Scheme 45: Facile synthesis of an organoselenium macrocycle starting from WR. 104 
Scheme 46: Synthesis of a fifteen-membered selenium-nitrogen macrocycle. 105 
Scheme 47: Synthesis of a hexameric phosphorus-selenium macrocycle. 105 
Scheme 48: Synthesis of eight-, nine-, ten-membered rings with P–Se–Se–P and P–Se–P linkages. 106 
Scheme 49: Synthesis of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). 107 
Scheme 50: Reaction of [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) with I2. 116 
Scheme 51: Formation of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3). 118 
Scheme 52: Formation of the unusual planar ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) . 122 
Scheme 53: Reaction of [Na(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te] (II-2, P-2) with 0.5 eq. of I2. 125 
Scheme 54: Formation of the tritelluride II-4 upon oxidation of III-4 (A) and III-5 (B). 127 
Scheme 55: Reversible transformation of a tetranuclear Rh(I) macrocycle. 135 
Scheme 56: Synthesis of dimeric PNP based Au(III) tellurium complexes. 137 
Scheme 57: Transformation of an Au(III) complex to two Au(I) systems. 137 
Scheme 58: Reaction of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with silver(I) triflate in THF. 140 
Scheme 59: Synthesis of the Pt(II) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2). 143 
Scheme 60: Synthesis of the Ag(I) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAg(NHC)Se)] (IV-3). 145 
Scheme 61: Formation of the metallocycle {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4). 147 
Scheme 62: Formation of the intriguing trimeric Au(I) macrocycle [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) 

supported by monoanionic P2N2 rings. 150 
Scheme 63: Synthesis of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6). 153 
Scheme 64: Reaction of [Na(THF)]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) with CuCl and subsequent stirring in THF 

to decompose the insoluble compound formed before. 155 
Scheme 65: Reaction of [Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) with AuCl•THT. 157 
Scheme 66: Formation of the homoleptic complex {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9). 160 
Scheme 67: Formation of a Rh-Te5-complex {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10). 162 
Scheme 68: Synthesis of peri-substituted phosphorus-chalcogen compounds. 174 
Scheme 69: Insertion of a P(Se)Ph fragment into naphthalene stabilised dichalcogen (E–E’) compounds. 174 
Scheme 70: Reaction of (iPr)2P–Acenap–Br (P-5) with 1) nBuLi, THF, −78 °C and 2) RTeI (prepared from 

RTeTeR and I2) in THF at −78 °C. 177 
Scheme 71: Oxidation of the phosphorus centre of MesTe–Acenap–P(iPr)2 by using sulfur and selenium. 190 
Scheme 72: Complexation of MesTe–Acenap–P(iPr)2 (V-1) to form the platinum complex V-11. 193 
Scheme 73: Reaction of MesTe–Acenap–P(iPr)2 (V-1) with AuCl•THT, yielding the P–Au-complex [MesTe–

Acenap–P(iPr)2][AuBr] (V-12). 194 
Scheme 74: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) a TeCl2•TMTU complex to yield V-14. 202 
Scheme 75: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) Te to yield [Te–Acenap–P(iPr)2][Br] (V-
15). 204 
Scheme 76: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) TeI4 to yield [Te–Acenap–P(iPr)2][I] (V-16) 



LIST OF SCHEMES 

 

and [AcenapTeP(iPr)2][TeI6]0.5 (V-17). 207 
Scheme 77: Reaction of V-1 with iodine resulting in a Te–C cleavage to form V-16 and [Te–Acenap–P(iPr)2][I3] 

(V-18). 210 
Scheme 78: Synthesis of novel Te–P(R)–Te species stabilised by a naphthalene backbone. 213 
Scheme 79: Formation of a polymeric compound upon leaving MesTeTeMes in EtOH. 218 
Scheme 80: A new synthetic pathway to (R)3PTeCl2. 221 
 

 



LIST OF FIGURES 

 

LIST OF FIGURES 
Figure 1: The first series of crystallographically characterised P–Te-heterocycles presented in chapter I. 2 
Figure 2: Novel P2N2-supported chalcogen-main-group-element heterocycles covered in chapter II. 2 
Figure 3: Examples of structural motifs discussed in chapter III. 2 
Figure 4: A short overview about some results presented in chapter IV. 3 
Figure 5: Examples of peri-substituted phosphorus-tellurium species covered in chapter V. 3 
Figure 6: Examples of P–Te compounds based on ditelluridoimidodiphosphinates [N(PR2Te)2]−. 9 
Figure 7: Series of unusual compounds incorporating P–Te bonds, including bond lengths and 1J(P,Te) values. 9 
Figure 8: Further examples of phosphorus-tellurium compounds. 10 
Figure 9: Correlation of literature reported phosphorus-tellurium bond lengths to their 1J(P,125Te) values. 14 
Figure 10: Schematic representation of the Lawesson’s reagent (LR) and Woollins’ reagent (WR). 20 
Figure 11: Structural arrangements of organophosphorus-selenium heterocycles (RP)nSem. 21 
Figure 12: The first series of organophosphorus(III)-tellurium heterocycles, synthesised by du Mont et al. 22 
Figure 13: Organophosphorus(III)-tellurium heterocycles with trifluoromethyl substituents. 22 
Figure 14: Examples of metallo-phosphorus-tellurium heterocycles. 24 
Figure 15: Structural arrangements of organophosphorus(III)-tellurium heterocycles (RP)nTem. The existence of 

Te2(RP)4 is tentative based on limited NMR data. The only mentioned Te2(RP)2 arrangement was shown to be a 

three-membered Te(RP)2 heterocycle in this work. 26 
Figure 16: Overview of different R-groups used in the synthesis of organophosphorus(III)-tellurium heterocycles.  29 
Figure 17: 31P NMR spectrum (202.47 MHz) of (FcP)4Te (I-3c): A: AA’MM’ spectrum calculated by iterative fitting, 

B: experimental spectrum. 33 
Figure 18: 31P NMR spectrum (161.98 Hz) of the reaction of AdPCl2 with Na2Te2 including the assignments for 

three different organophosphorus(III)-tellurium compounds. The (AdP)3Te2 (I-4d) slowly decomposes at RT and 

could thus not be further characterised. 34 
Figure 19: Experimental (C,D) and simulated (A,B) 31P NMR spectra (109.37 Hz) of (tBuP)3Te2 (I-4a) for the 

isotopomer without any NMR active Te atoms. 35 
Figure 20: Experimental (C,D) and simulated (A,B) 31P NMR spectrum (161.98 Hz) of (AdP)3Te2 (I-4d) for the 

isotopomer without any NMR active Te atoms. 36 
Figure 21: Expanded experimental 31P NMR spectrum (161.98 Hz) of (AdP)3Te2 (I-4d). 36 
Figure 22: 31P NMR spectra (109.37 MHz) of (Mes*P)3Te3 (I-5f) (A, B) and (TrtP)3Te3 (I-5g) (C, D); A+C: A-part of 

the A2A’X spectra calculated by iterative fitting; B+D: experimental spectra. 37 
Figure 23: 125Te NMR spectra (85.24 MHz) of (Mes*P)3Te3 (I-5f) (A, B) and (TrtP)3Te3 (I-5g) (C, D). A+C: X-part 

of the A2A’X spectra calculated by iterative fitting, B+D: experimental spectra. 38 
Figure 24: A: X-ray crystal structure of (FcP)4Te (I-3c). B: packing along the a-axis. 39 
Figure 25: X-ray crystal structure of (AdP)3Te (I-2d). 40 
Figure 26: X-ray crystal structure of (Mes*OP)2Te (I-1e). 41 
Figure 27: X-ray crystal structure of (TrtP)3Te3 (I-5g). 41 
Figure 28: A: X-ray crystal structure of (TrtP)3Te3 (I-5g) showing the chair-like conformation and B: packing of 

(TrtP)3Te3 (I-5g) along the a-axis including the THF molecules (eight per unit cell), (purple=P, green=Te, red=O). 42 
Figure 29: The first series of crystallographically characterised P–Te-heterocycles. 44 
Figure 30: Alkali-metal salts of compounds with terminal P–Te functionalities. 51 
Figure 31: Spirocyclic contact ion pairs, formed instead of dichalcogenides. 52 
Figure 32: X-ray crystal structure of Na4[P2(µ-NtBu)2(NtBu)2]2 (II-1). 54 
Figure 33: Numbering scheme for the main starting materials used in chapter II, III and IV. 56 



LIST OF FIGURES 

 

Figure 34: X-ray structure of [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2). 57 
Figure 35: Structures of different derivatives of the dianion [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = Te, Se, S). 58 
Figure 36: Packing of II-2 along the a, b and c axis. 58 
Figure 37: Products of an alternative route to the mixed dichalcogenide [tBuN(Te)P(µ-NtBu)2P(Se)NtBu]2−. 60 
Figure 38: 31P NMR spectrum of the mixture containing [Na(TMEDA)]2[tBuN(E)P(µ-NtBu)2P(E’)NtBu] with A: E = 

E’ = Se; B: E = Se, E’ = Te and C: E = E’ = Te. I. Enlarged area of resonances; II. Complete 31P NMR spectrum. 61 
Figure 39: Numbering scheme for the by-products, observed in numerous reactions with the analogues P-3 and 

P-4. 62 
Figure 40: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) 63 
Figure 41: Known structures of tritellurides. 64 
Figure 42: Illustration of the mean Te2–Te1–P2–P1–N4–N1 plane of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 64 
Figure 43: Packing of II-4 along the a, b and c axis (colour scheme: N:blue, P:purple, Te:green C:grey). 65 
Figure 44: Interactions within the supramolecular structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 65 
Figure 45: A: 31P NMR spectrum ([D8]toluene, 162.00 MHz) and B: 125Te NMR spectrum (126.05 MHz) of 

[(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 66 
Figure 46: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5). 67 
Figure 47: Packing of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) along the a, b and c axis. 68 
Figure 48: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6). 69 
Figure 49: X-ray structure of the co-crystalline [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) and [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7). 70 
Figure 50: Structural comparison of the different polychalcogen heterocycles. 71 
Figure 51: X-ray structure of [(tBu(H)N(Se)P(µ-NtBu)2P(Se)tBuN)]2(µ-N,Se-Te) (BP-3). 73 
Figure 52: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a). 74 
Figure 53: Illustration of the mean Te1–Te1–P1–P1–N1–N1 plane of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-

8a). 75 
Figure 54: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)](II-8b).* 76 
Figure 55: A: Resonances in the 31P NMR spectrum and B: 125Te NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeP(Ad)Te)] (II-8a). 76 
Figure 56: Structural representation of [{tBuN(H)PIII(µ-NtBu)2PIIIN(tBu)PIII(Fc)}2(µ-Te3)] (II-9). 77 
Figure 57: X-ray crystal structure of [{tBuN(H)PIII(µ-NtBu)2PIIIN(tBu)PIII(Fc)}2(µ-Te3)] (II-9). 78 
Figure 58: X-ray structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b). 79 
Figure 59: 31P NMR (A) and 77Se NMR (B) spectra of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a). 80 
Figure 60: 31P NMR spectrum of the reaction of [tBuN(S)P(µ-NtBu)2P(S)NtBu)]2− with (iPr)2NPCl2. A: full 

spectrum; B: resonances for the N,S-chelated species. 82 
Figure 61: X-ray structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15). 84 
Figure 62: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17). 86 
Figure 63: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a). 88 
Figure 64: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20). 91 
Figure 65: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21). 92 
Figure 66: X-ray structure of [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-N,Te-(N(tBu)TeP(µ-

NtBu)2PN(H)tBu)}] (II-22). 94 
Figure 67: X-ray structure of [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-(N(tBu)TeP(µ-

NtBu)2PN(H)tBu)}] (II-23). 95 



LIST OF FIGURES 

 

Figure 68: X-ray crystal structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). 108 
Figure 69: Packing of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) shown along the a, b and c axis. 109 
Figure 70: Left: Space-filling model of the molecular unit of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). Right: View 

along the mean plane of the molecule. 109 
Figure 71: Solid-state 31P{1H} MAS NMR spectrum of III-1 (9.4 T, 161.9 MHz, SPINAL-64, 298 K) recorded at 

14 kHz (10 kHz). 110 
Figure 72: Calculated planar (left side) and puckered (right side) structures of the trimer III-1. 112 
Figure 73: Reaction of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with iodine resulting in the formation of [(tBuNP(µ-

NtBu)2PNtBu)(µ-Se4)] (II-4) and a charge-transfer adduct [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] • I2 (III-2a). 114 
Figure 74: X-ray structure of an iodine charge-transfer complex of a diselenocyclodiphosph(V/V)azane (III-2a). 114 
Figure 75: Packing of III-2a along the a, b and c axis. 115 
Figure 76: Interaction of two Se–I–I fragments in III-2a. 116 
Figure 77: X-ray crystal structure of [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] • I2 (III-2b). 116 
Figure 78: Packing along the a, b and c axis of III-2b. 117 
Figure 79: X-ray structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3). 119 
Figure 80: Left: Space-filling model of the molecular unit of III-3. Right: Molecule shown along the mean plane. 120 
Figure 81: Solid-state 31P{1H} MAS NMR spectrum of III-3 (9.4 T, 161.9 MHz, SPINAL-64, 298 K) recorded at 

14 kHz (10 kHz). 120 
Figure 82: Molecular structure of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2. 123 
Figure 83: X-ray crystal structure of [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5). 125 
Figure 84: Structural representations of the ditelluride [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) and the tritelluride 

[(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7). 128 
Figure 85: X-ray crystal structure of [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6). 128 
Figure 86: X-ray crystal structure of [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7). 129 
Figure 87: Proposed future investigations of the reactions of [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = S, Se, Te) with 

organo di- and polyhalides. 132 
Figure 88: Coordination modes of cyclodiphosph(III)azanes with main group elements. 135 
Figure 89: Coordination modes observed for P-coordination on cyclodiphosph(III)azanes. 135 
Figure 90: Coordination modes observed for PNP systems. 136 
Figure 91: Structures of PNP-based tellurium metallocycles. 137 
Figure 92: Common coordination modes of bis(amido)cyclodiphosphazene-based dichalcogenides (E = S, Se). 138 
Figure 93: P2N2-based sulfur complexes of Pt, Pd, Ni and Cu. 138 
Figure 94: Examples of zinc complexes with dichalcogenated monoanionic P2N2-based ligands. 139 
Figure 95: X-ray structure of [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1). 141 
Figure 96: Packing of IV-1 along the a, b and c axis. 142 
Figure 97: X-ray crystal structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) including one THF 

molecule (left hand side). Right hand side: Different view on the structure showing the planarity around the Pt 

centre. 143 
Figure 98: Packing of IV-II shown along the a, b and c axis. 144 
Figure 99: Single crystal X-ray structure of [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) illustrated from 

two different views. 145 
Figure 100: X-ray crystal structure of {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4). 147 
Figure 101: Different views on the centre of IV-4. 148 
Figure 102: Space-filling diagram of [Ag{tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu}]4 (IV-4). 149 



LIST OF FIGURES 

 

Figure 103: X-ray structure of the trimeric Au(I) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5). 150 
Figure 104: Packing of IV-5 shown along the a, b and c axis. 152 
Figure 105: Space-filling model of [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5). 152 
Figure 106: X-ray crystal structure of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) from two views. 153 
Figure 107: Packing of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) along the a, b and c axis. 154 
Figure 108: X-ray structure of {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7). 155 
Figure 109: Packing of IV-7 shown along the a, b and c axis. 156 
Figure 110: X-ray crystal structure of a gold(I)-sulfur-cyclodiphosphazane ladder-like compound (IV-8). 157 
Figure 111: Different views on IV-8, with omitted hydrogen and carbon atoms. 158 
Figure 112: Packing of IV-8 illustrated along the a, b and c axis. 159 
Figure 113: X-ray crystal structure of {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9). 161 
Figure 114: Packing of IV-9 shown along the a, b and c axis (H and C atoms omitted for clarity). 161 
Figure 115: X-ray crystal structure of {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10). 163 
Figure 116: Different views of the molecular structure of IV-10 (hydrogen atoms omitted). 163 
Figure 117: Packing of IV-10 illustrated along the a, b and c axis (hydrogen and carbon atoms omitted). 164 
Figure 118: Summary of the results presented in chapter IV. 166 
Figure 119: Tellurium derivatives, synthesised and characterised in chapter IV. 167 
Figure 120: Differences in the double substitution environment in benzene, naphthalene, acenaphthene and 

phenanthrene (from left to right). The ortho-, peri- and bay-distances of the two substituents are for H atoms only. 171 
Figure 121: Unusual compounds and bonding interactions accomplished by peri-substitution. 172 
Figure 122: Further unusual bonding situations supported by peri-substitution. 172 
Figure 123: Numbering schemes for peri-substituted naphthalenes and acenaphthenes used in this work. 173 
Figure 124: A: Overlap of two fluorine lone pair orbitals resulting in through-space spin-spin coupling; B: MO 

scheme showing bonding and antibonding orbitals as a result of the overlap of two lone pairs; C+D: Extension of 

the lone pair overlap interaction model to P atoms (C) and to coordination to transition metal complexes (D). 175 
Figure 125: 31P–77Se through-space spin-spin coupling in peri-substituted systems. 176 
Figure 126: Synthesised compounds V-1 to V-4 with the general formula RTe–Acenap–P(iPr)2. 178 
Figure 127: Synthesised compounds V-5 to V-8 with the general formula RTe–Acenap–P(iPr)2. 178 
Figure 128: X-ray crystal structure of MesTe–Acenap–P(iPr)2 (V-1). 178 
Figure 129: A+B: Solid-state 31P NMR spectrum (242.99 MHz, MAS 40 kHz). C: Solid-state 125Te NMR spectrum 

(126.28 MHz, 10.5 kHz). 180 
Figure 130: Possible representation of the MesTe–Acenap–P(iPr)2 (V-1), in consideration of the bond length and 
1J(P,125Te). 181 
Figure 131: Superposition of selected NBOs of V-1 (B3PW91/SDD/6-311G* level, isovalue 0.04 au) illustrating A. 
the lp(P)→σ*(TeC) donor-acceptor interaction and B. the overlap of the lone pairs on P and Te. 182 
Figure 132: X-ray crystal structure of TipTe–Acenap–P(iPr)2 (V-2) . 183 
Figure 133: X-ray crystal structure of NapTe–Acenap–P(iPr)2 (V-3). 184 
Figure 134: X-ray crystal structure of AnTe–Acenap–P(iPr)2 (V-4) . 185 
Figure 135: X-ray crystal structure of PhTe–Acenap–P(iPr)2 (V-5). 186 
Figure 136: View on the compounds V-1 to V-5 along the acenaphthene backbone. 188 
Figure 137: X-ray crystal structure of MesTe–Acenap–P(S)(iPr)2 (V-9). 190 
Figure 138: X-ray crystal structure of MesTe–Acenap–P(Se)(iPr)2 (V-10). 192 
Figure 139: Proposed overlap of non-bonding orbitals of the tellurium and selenium atom, which are responsible 

for the transfer of spin information. 192 



LIST OF FIGURES 

 

Figure 140: X-ray crystal structure of [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11). 193 
Figure 141: Two distinct molecules within the X-ray crystal structure of [MesTe–Acenap–P(iPr)2][AuBr] (V-12). 195 
Figure 142: Proposed interaction of the lone pair orbital of the Te atom with the electron bonding orbital of the P–

Au bond, responsible for the transfer of spin information between the P and Te atoms. 196 
Figure 143: X-ray structure of Cl3Te–Acenap–P(O)(iPr2) (V-13). 197 
Figure 144: Packing of Cl3Te–Acenap–P(O)(iPr2) (V-13) illustrated along the a, b and c axis. 198 
Figure 145: View along the acenaphthene plane of V-9 to V-13 in comparison to V-1. 199 
Figure 146: X-ray crystal structure of [Te–Acenap–P(iPr)2][Cl] (V-14). 202 
Figure 147: Representation of the packing of [Te–Acenap–P(iPr)2][Cl] (V-14) illustrating the chain entities. 204 
Figure 148: Packing of [Te–Acenap–P(iPr)2][Cl] (V-14) shown along the a, b and c axis. 204 
Figure 149: X-ray crystal structure of [Te–Acenap–P(iPr)2][Br] (V-15). 205 
Figure 150: View on the dimerisation of [Te–Acenap–P(iPr)2][Br] (V-15). 206 
Figure 151: Packing of V-15 • DCM shown along the a, b and c axis. 206 
Figure 152: X-ray crystal structure of [Te–Acenap–P(iPr)2][I] (V-16). 207 
Figure 153: A. X-ray crystal structure of [Te–Acenap–P(iPr)2][TeI6]0.5 (V-17); B. Mercury representation. 209 
Figure 154: Packing of V-17 • DCM shown along the a, b and c axis. 209 
Figure 155: X-ray crystal structure of [Te–Acenap–P(iPr)2][I3] (V-18). 210 
Figure 156: Packing of [Te–Acenap–P(iPr)2][I3] (V-18), shown along the a, b and c axis. 211 
Figure 157: Different pathways of through-space spin-spin coupling in different peri-substituted P/Te systems. 214 
Figure 158: Correlation of the P–Te bond lengths to the J(P,Te) values, for species exhibiting through-space 

spin-spin coupling. 215 
Figure 159: X-ray crystal structure of a unit of the polymeric compound VI-1. 218 
Figure 160: X-ray structure of FcPCl2 (VI-2). 219 
Figure 161: Packing of FcPCl2 (VI-2) along the axes a, b and c. 220 
Figure 162: A: X-ray structure of (AdP)4 (VI-3) B: View of the molecule to show the distortion of the P4 ring. 220 
Figure 163: X-ray structure of (nBu)2(tBu)PTeCl2 (VI-4). 221 
Figure 164: Packing of (nBu)2(tBu)PTeCl2 (VI-4) illustrated along the a, b and c axis. 222 
Figure 165: Examples of novel phosphorus-tellurium systems synthesised in this thesis. 224 
Figure 166: Correlation of the P–Te bond lengths to the 1J(P,Te) values, for synthesised compounds with the 

phosphorus oxidation states of +III and +V. 225 
Figure 167: Correlation of the P–Te bond lengths to the 1J(P,Te) values, for synthesised compounds in relation to 

literature known systems. 227 
Figure 168: Examples of intriguing sulfur and selenium systems synthesised in this work. 227 
 



LIST OF TABLES 

 

LIST OF TABLES 
Table 1: Selected phosphorus-tellurium compounds incorporating P–Te bonds; Bond lengths and 31P NMR data. 11 
Table 2: Calculated bond enthalpies. 25 
Table 3: NMR data of the Mixed Compound in Comparison with the Se and Te derivative. 60 
Table 4: Comparison of X-ray and NMR parameters for the P2N2-supported polychalcogenides II-4-II-7. 72 
Table 5: 31P NMR chemical shifts (ppm) and 2J(P,P) (Hz) for [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] (II-12a-c) and 

[(tBu(H)N(S)P(µ-NtBu)2P(µ-NtBuP(R)S)] (II-11a-c). 81 
Table 6: NMR data comparison for the tBu, nBu and Ph derivatives of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(R)2Te)]. 89 
Table 7: Comparison of structural and NMR data for [(tBuNP(µ-NtBu)2PNtBu)(µ-ESn(tBu)2E)] (E = Te, Se, S). 

The (tBuNP(µ-NtBu)2PNtBu) moiety is abbreviated with P2N2. 93 
Table 8: Summary of the values for synthesised and structurally characterised tellurium species in chapter II. 98 
Table 9: NMR data for [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) in solution and in solid state. 110 
Table 10: Calculated single and total energies for conformers of III-1. 112 
Table 11: Selected interatomic distances (Å) and angles [°] of the compounds RTe–Acenap–P(iPr2). 187 
Table 12: (Torsion) angles [°] categorising the acenaphthene and ligand conformations in V-1 to V-5. 189 
Table 13: Selected interatomic distances (Å) and angles [°] for compounds MesTe–Acenap–P(E)iPr2 (E = S (V-9), 

Se (V-10)), [MesTe–Acenap–PiPr2)(µ-PtCl2] (V-11), [MesTe–Acenap–P(iPr2][AuBr] (V-12) and Cl3Te–Acenap–

P(O)(iPr2) (V-13). 198 
Table 14: (Torsion) angles [°] categorising the acenaphthene and ligand conformations in V-1 and V-9 to V-13. 199 
Table 15: Comparison of bond lengths and NMR data of the RTe–Acenap–P(iPr)2. In black: Experimental values. 

In blue: Computed bond distances, Wiberg bond indices (WBIs), NMR chemical shifts and spin-spin coupling 

constants for the compounds V-1 to V-13. 200 
Table 16: X-ray parameters for the cation [AcenapTeP(iPr)2]+ with different counterions (X = Cl, Br, I). 211 
Table 17: 31P and 125Te NMR data for the cationic [(iPr)2P–Acenap–Te]+ species. 212 
Table 18: Correlation of P–Te bond lengths and 1J(P,Te) coupling for the compounds synthesised in this thesis. 226 



LIST OF ABBREVIATIONS USED IN TEXT 

 

LIST OF ABBREVIATIONS USED IN TEXT 

∠ = angle 

°C = degrees Celsius  

2D = two-dimensional 

Å = Angstrom (10−10 m)  

a = unit cell axis a  

abb. = abbreviated 

Acenap = acenaphthene-5,6-diyl (–C12H8) 

Ad = adamantyl (tricyclo[3.3.1.1]decanyl) 

An = anisole (p-OMeC6H5–) 

aq = aqueous 

atm = atmosphere  

a.u. = atomic units  

α = position one-atom removed, unit cell angle α 

b = broad, unit cell axis b  

β = position two-atoms removed, unit cell angle β 

Bp = boiling point 

Bu = butyl; nBu = n-butyl, tBu = t-butyl or tertiary-butyl (–C(CH3)3) 

c = unit cell axis c  

C.-T. = charge-transfer 

calc. = calculated  

cf. = confer (engl. compare to) 

CI = chemical ionisation 

cm−1 = wave number  

COD = 1,5-cyclooctadiene 

Cp = cyclopentadienyl 

Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl 

Cy = cyclohexyl 

δ = delta, chemical shift, NMR shift tensor 

Δ = difference  

d = doublet, days  

d = deuterated, distance 

dd = doublet of doublets 

DCM = dichloromethane 

DFT = density functional theory  

e = electron  



LIST OF ABBREVIATIONS USED IN TEXT 

 

E = energy, main group atom  

EA = Elemental Analysis 

EI = electron ionisation 

eq. = equivalents 

ESI = electrospray ionisation 

Et = ethyl  

Et2O = diethyl ether  

EtOH = ethanol 

eV = electron volts (23.060 kcal/mol)  

F = crystallographic structure factor (F, observed; F, calculated)  

F(000) = number of electrons in unit cell  

Fc = ferrocenyl (Fe(C5H5)2) 

Fig. = Figure 

fw = formula weight  

γ = unit cell angle γ  

g = grams  

GooF = Goodness of Fit  

H = enthalpy  

HOMO = Highest Occupied Molecular Orbital  

HSAB = hard soft acid base (theory) 

Hz = Herz (s−1, cycles per second)  

h = hours 

IR = infra-red 
nJ = nth bond NMR coupling constant  

K = degrees Kelvin  

k = kilo (103)  

λ = wavelength 

L = liters 

LR = Lawesson’s reagent [(p-MeOC6H4)2P2S4] 

LUMO = Lowest Unoccupied Molecular Orbital  

M = molar (mol/L)  

m = multiplet, meters, milli- (10−3), middle 

m = meta position 

MAS = magic angle spinning 

Me = methyl  

Mes = mesityl (2,4,6-trimethyl-phenyl) 

Mes*, sMes = supermesityl (2,4,6-tert-butyl-phenyl) 



LIST OF ABBREVIATIONS USED IN TEXT 

 

min = minutes  

mL = milli liters 

MO = Molecular Orbital  

mol = moles  

Mp = melting point 

MS = mass spectrometry 

µ = absorption coefficient (crystallography), bridging 

n = nano (10−9) 

n = normal, number  

Nap = naphthalene-1,8-diyl (–C10H6)  

NBO = natural bond orbital 

NHC = N-heterocyclic carbene 

NMR = nuclear magnetic resonance  

o = ortho position  

OTf = trifluoromethylsulfonate (O3SCF3)− 

Ph = phenyl 

Pr = propyl; iPr = iso-propyl 

p = para position  

para = paramagnetic  

pm = picometre 

ppm = parts per million  

py = pyridine 

q = quartet  

ρ = density  

R = rotation operator (NMR), residual value (crystallography)  

RT = room temperature 

σ = sigma, NMR shielding tensor 

Σ = sum 

ΣrvdW = sum of the van der Waals radii 

S = singlet electronic state  

S = entropy, electronic spin  

s = singlet, strong 

sec = seconds  

SOMO = Singly Occupied Molecular Orbital  

T = temperature, triplet electronic state 

t = triplet, time 

THF = tetrahydrofuran 



LIST OF ABBREVIATIONS USED IN TEXT 

 

THT = tetrahydrothiophene 

Tip = 2,4,6-tri-iso-propyl-phenyl 

TMEDA = tetramethylethylenediamine 

TMP = 2,2,6,6-tetramethylpiperidine 

TMS = tetramethylsilane 

TMTU = tetramethylthiourea 

Tript = 9-triptycenyl  

Trt = trityl (triphenylmethyl, –CPh3) 

TS = transition state 

tBu, tBu = tertiary-butyl (tert-butyl, C(CH3)3) 

ν = radiative frequency  

ν1/2 = line width at half height  

V = unit cell volume  

VT = variable temperature  

vis = visible  

viz. = videlicet (engl. namely) 

vs = very strong 

vw = very weak 

w = weighted, weak  

WBI = Wiberg bond index 

WR = Woollins’ reagent [(Ph)2P2Se4] 

x = number  

XRD = X-ray diffraction 

Z = number of molecules in unit cell 

 



 

 

UNIVERSITY OF ST ANDREWS 

SCHOOL OF CHEMISTRY 

 

 
 

PHOSPHORUS–TELLURIUM HETEROCYCLES 
AND THEIR LIGHTER CHALCOGEN ANALOGUES 

- FROM SMALL RINGS TO MACROCYCLES - 

 

 

 

ANDREAS NORDHEIDER 

 

 

JUNE 2014 

 

 

PER ASPERA AD ASTRA 

 

 



GENERAL INTRODUCTION 

 1 

GENERAL INTRODUCTION 
Compounds incorporating phosphorus-chalcogen bonds have been used as extremely 

versatile reactants in organic syntheses, as pesticides or nerve agents, as precursors 

towards metal chalcogenide thin films and nanoparticles, in metal extraction technologies, as 

lubricant additives and in other applications as catalysis or in the field of biochemistry.[1] The 

main topic of this thesis is the synthesis of novel phosphorus-tellurium systems and other 

related phosphorus-chalcogen compounds, especially those incorporating phosphorus bonds 

with sulfur, selenium and tellurium and the investigation of their properties and chemical 

behaviour. 

The synthesis and characterisation of heavier organochalcogen compounds (S, Se, Te) is an 

increasingly interesting discipline in view of their reactivity, their potential for biological and 

pharmaceutical applications (especially Se) and their use as precursors for coordination or 

solid-state chemistry (Te).[2, 3] Thus, the elements phosphorus as well as sulfur, selenium and 

tellurium are covered extensively in literature, concerning multiple aspects of their properties 

and chemistry.[1, 4, 5] Especially in this area, cyclic structural motifs offer novel bonding modes 

and reactivity and are often important intermediates in chemical reactions.[6] This work 

intends to significantly contribute to these fields with a focus on cyclic phosphorus-tellurium 

systems. 

A OUTLINE  
Subsequent to the outline of this thesis, the introductory part will give a concise insight into 

the important properties of the semi-metal tellurium, as well as its compounds, after briefly 

covering the versatile element of phosphorus. Furthermore, a literature overview of known 

phosphorus-tellurium compounds and the rare structural investigations of these systems, 

especially regarding the properties of the P–Te bond, is given.  

Each succeeding chapter focuses on different aspects of phosphorus-tellurium or 

phosphorus-chalcogen chemistry. An introduction concerning the particular research area 

will be followed by a presentation and discussion of the results obtained, a summary and a 

short outlook suggesting future work for each topic.  

After the six chapters, a general conclusion is provided, which summarises the main results. 

Furthermore, a short overview regarding the relationship of bond lengths and 1J(P,Te) values 

of different phosphorus-tellurium compounds, that were both synthesised in this thesis as 

well as published in the literature, is given. The experimental section at the end of this thesis 

will exhibit an overview of all instruments and synthetic considerations as well as the 

experimental data including analytical data for the compounds synthesised.  
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Chapter I: This chapter is concerned with organophosphorus(III)-tellurium heterocycles and 

focuses on the synthesis and characterisation by X-ray analysis and multinuclear NMR 

spectroscopy of theses novel systems (Figure 1). 

    
Figure 1: The first series of crystallographically characterised P–Te-heterocycles presented in chapter I. 

By using Na2Te2 and other tellurium sources in the reaction with dichlorophosphanes three- 

to six-membered heterocycles with phosphorus and tellurium atoms exclusively were isolated 

and are discussed. 

Chapter II: P2N2-supported phosphorus-chalcogen heterocycles incorporating main group 

elements are presented (Figure 2).  

 

Figure 2: Novel P2N2-supported chalcogen-main-group-element heterocycles covered in chapter II. 

These novel heterocyclic compounds are derived from metathetical reactions of dianionic 

cyclodiphosphazane based starting materials (viz. [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te)) 

with main group element halides. 

Chapter III: In this chapter, macrocyclic phosphorus-chalcogen species (sulfur, selenium and 

tellurium), which are supported by P2N2 rings, are covered.  

 
Figure 3: Examples of structural motifs discussed in chapter III. 
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The discussion centres on trimeric diselenide and disulfide macrocycles, an unusual 

ditelluride and a spirocyclic compound incorporating a Te5 motif. 

Chapter IV: The subject of this section is the synthesis and characterisation of metallocycles 

mainly derived from metathetical reactions of the previously discussed P2N2 systems (cf. 

chapter II + III) with metal complexes (Figure 4). 

     
Figure 4: A short overview about some results presented in chapter IV. 

The chapter focuses mainly on selenium and tellurium systems and their coordination 

chemistry as well as on the discussion of the supramolecular structures. 

Chapter V: This chapter deals with novel phosphorus-tellurium peri-substituted species 

using an organic backbone like naphthalene or acenaphthene (Figure 5). 

 
Figure 5: Examples of peri-substituted phosphorus-tellurium species covered in chapter V. 

The isolated systems show interesting NMR characteristics (e.g. ‘through-space’ spin-spin 

coupling) and structural properties (e.g. ‘three-centre four-electron type’ interactions). 

Chapter VI: Additional findings in the course of this thesis are briefly covered.  
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B PHOSPHORUS – A SHORT INTRODUCTION 

Hennig Brand discovered the element phosphorus in 1669 after he distilled urine in the 

search for the philosopher’s stone. Since it was found to emit light in the dark it was named 

after the Greek words for “light-bearer” (phos = light; pheros = bearing).[4, 7] Today 

phosphorus is among the most important elements in 

the sciences and is often compared to the greatest of 

all elements, carbon.[2, 8] Especially its existence and 

essential role in DNA (deoxyribonucleic acid) and ATP 

(adenosine triphosphate), but also its industrial use, 

e.g. phosphoric acid and its application in fertilisers, 

demonstrates the importance of this element.[4] 

Consequently, phosphorus and its compounds, 

chemistry, characteristics and applications are subject to multiple reviews, books and further 

literature supporting the establishment and expansion of knowledge about this intriguing 

element.[4] 

Since the only stable isotope of phosphorus is 31P (100 % abundancy), which has a nuclear 

spin of I = 1/2, nuclear magnetic resonance techniques are facile to conduct and available in 

high quality. This resulted in 31P being rated as one of the most important heteronuclei in 

NMR spectroscopy.[9] As a consequence of the electronic structure of phosphorus 

(1s2 2s2 2p6 3s2 3p3), three unpaired electrons are in the outer 3p orbitals available for 

chemical bonding (trivalent), where all five electrons of the outer M shell can be used to form 

shared electron pairs with other atoms (pentavalent).[10] Bonding arrangements range from 

one to ten chemical linkages, with the predominant bonding forms of three or four and to a 

lower degree five covalent linkages.[10]  

The electronegativity, as defined by L. Pauling, is 2.2. Phosphorus atoms are more likely to 

form anions than their heavier group 15 counterparts and the oxidation states of phosphorus 

range from −III (e.g. PH3) over +III (e.g. PR3, PX3) to +V e.g. phosphoric acid (H3PO4) as it is 

predominant in nature.[10] 
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C TELLURIUM AND ITS CHEMISTRY 

Etymologically derived from the Latin word for earth, tellus, tellurium was named by Klaproth, 

who identified it as a new element.[7] Discovered by Franz Joseph Müller von Reichenstein in 

1783 in Romania, tellurium belongs to the group of 

chalcogens (“ore builders”; abbreviated E = oxygen, 

sulfur, selenium, tellurium and polonium) and can be 

found in copper, gold and silver ores. Its average 

content in soil is 0.027 ppm, making it thus the 71st 

most common element. Pure tellurium is commercially 

recovered from the anode muds produced during the 

electrolytic refining of blister copper.[11, 12, 13, 14] 

PROPERTIES 

With the electron configuration of [Kr] 4d10 5s2 5p4, tellurium shows metallic as well as non-

metallic properties, thus being a representative of the semi-metal (metalloid) elements in the 

p-block of the periodic table. Tellurium is observed in two allotropic elemental modifications; 

a metallic, silver-shiny crystalline and a brownish black amorphous modification. The element 

occurs naturally as a mixture of several isotopes, where the eight stable ones are 120Te 

(natural abundance 0.09 %), 122Te (2.55 %), 123Te (0.89 %), 124Te (4.74 %), 125Te (7.07 %), 
126Te (18.84 %), 128Te (31.74 %) and 130Te (34.08 %).[14,15] As a consequence of this isotopic 

distribution a characteristic isotope splitting in mass spectrometry experiments is observed. 

The presence of 125Te as well as 123Te as diamagnetic nuclei (spin 1/2) enables Te NMR 

studies. The observed span of chemical shifts in the more common 125Te NMR spectra range 

from δ ∼ 3100 ppm in highly deshielded Te–Se dications (e.g. δ(125Te) for Te2Se2
2+ = 

3102 ppm) to 0 down to −1300 ppm in the much more shielded dialkyl tellurides or 

compounds like Me3Sn–Te–SnMe3 (−1214 ppm). As an example of an exception, telluride 

(Te2−) compounds appear at around −1800 ppm in the 125Te NMR spectra.[14, 16, 17]  

Because of the smaller HOMO-LUMO gaps, when compared to sulfur or selenium, tellurium 

compounds are often coloured.[1] Elemental tellurium is considered to have a low toxicity but 

causes unpleasant side effects like bad breath and body odour. The smell is caused by the 

metabolically formed, volatile dimethyl telluride.[13] The total amount of tellurium in the human 

body is about 0.7 mg and acute tellurium poisoning results in vomiting, inflammation of the 

gut, internal bleeding and respiratory failure. Chronic poisoning produces a garlic breath, 

tiredness and indigestion.[13] 

Furthermore, the toxic effects depend on the chemical form of tellurium compounds, 

including the oxidation state and the nature of the tellurium species. Thus, organotellurium 
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compounds with relatively stable tellurium-carbon bonds are considered to be less toxic. In 

contrast, inorganic systems like tellurites were found to be more toxic than organic 

compounds or tellurates.[14, 18] 

CHEMISTRY AND COMPOUNDS 

Known tellurium compounds can be divided into three different groups; inorganic tellurides, 

tellurium-containing complex-like structures and organotellurides. The chemistry, stability and 

reactivity within these groups show similarities. Like sulfur and selenium, tellurium occurs in 

different oxidation states ranging from −II (H2Te) to +VI (TeO4
2−). Particularly in nature 

tellurium is found in the oxidation states +IV (TeO2, TeCl4) and +VI (TeO3). The oxides form 

acids (H2TeO3 and H2TeO4) with the corresponding salts called tellurites (TeO3
2−) and 

tellurates (TeO4
2−). The anion TeO2

2− and TeCl2 include tellurium with the oxidation state +II. 

Furthermore, telluride anions are known in Ag2Te (tellurium in the oxidation state −II) or in 

Na2Te2 (−I).[14, 19, 20] 

The group of compounds called tellurium “complex-like” results from the bonding structure 

and reactivity of the more metallic tellurium element when compared to sulfur or selenium. 

The group contains a tellurium atom bound to different ligand systems, often coordinated via 

an oxygen atom. Coordination numbers are usually four, five or six, which results in almost 

square planar, trigonal bipyramidal or octahedral structures, respectively. The relatively weak 

“coordinative” bond enables ligand exchange reactions, which are important for the catalytic 

activity of this kind of tellurium species.[14, 21, 22, 23, 24] 

The third group consists of different organotellurides with characteristic tellurium-carbon 

bonds. Tellurium is mostly di- or tetravalent often depending on the oxidation state. It can be 

bound to alkyl as well as aryl residues, halides, oxygen or hydrogen. The stability of the 

tellurium-carbon bond is rather low (200 kJ/mol) compared to other chalcogen-carbon bonds 

(C–O = 358 kJ/mol; C–S = 272 kJ/mol; C–Se = 234 kJ/mol).[14, 25, 26] 

Tellurium is redox active, so that Te=O double bonds are formed by oxidation of tellurides 

(RTeR). The chemical stability of the organotellurium compounds containing Te–Hal, Te–O, 

Te–H or Te–Te bonds is known to be rather low. The compounds are often coloured and 

light sensitive. They tend to hydrolyse or decompose, forming telluroxides, tellurites, 

tellurates or release elemental tellurium. Diaryl tellurides and alkyl/aryl tellurides seem to be 

more stable. A similar behaviour but yet less explored is observed for heterocyclic tellurium 

compounds where the Te atom is incorporated into (aromatic) ring systems.[14, 27] Organic 

tellurium chemistry embraces a wide range of chemical reactions including reductions, 

oxidations, ring closure reactions and transmetallation reactions.[27, 28] 



GENERAL INTRODUCTION 

 7 

APPLICATIONS 

Tellurium is used in alloys with copper and stainless steel to improve machinability. It is also 

added to lead to make it harder and more acid-resistant (batteries). It has been used to 

vulcanise rubber and to tint glass and ceramics.[13] Telluride glass fibres are used for infrared 

optical applications.[29] Within electronic devices they can be used as phase-change 

chalcogenide alloy films to store data electrically and optically.[30] Other applications in solid-

state chemistry are polychalcogenides that are components of rechargeable batteries.[31] 

Cadmium telluride (CdTe) photovoltaic modules are considered to be a low-cost producer of 

solar electricity when compared to crystalline silicon cells.[32] Tellurium compounds can also 

be used as industrial catalysts in oil refining.[13] 

Currently, research into the biological chemistry of tellurium compounds is of growing interest 

especially regarding diagnostic and drug development. The physical, chemical and 

spectroscopic properties have made tellurium-containing substances an interesting material 

in the development of effective biological markers by transferring it into sulfur containing 

amino acids such as cysteine or methionine.[14, 33, 34, 35] In contrast to selenium, tellurium 

containing biological protein structures can be detected by X-ray crystallography. 

Furthermore, recent studies showed that tellurium marked fatty acids could play a great role 

in the nuclear imaging as part of the diagnosis of heart and pancreatic diseases.[14, 36, 37, 38]  

The usage as antibiotics was an early discovered application of tellurium compounds when 

used as a pre-penicillin inhibitor of microorganism growth.[39] To date the compounds are 

considered to have a more complex but also very interesting cytotoxicity that could be used 

against certain microorganism (Malaria) and specific cancer cells.[40] Tellurium compounds 

show, compared to selenium compounds, superior antioxidant properties and could find 

application in the development of a drug against Alzheimers disease.[14]  

In conclusion, the possible future uses in biochemistry applications could be as biomarkers, 

nanoparticles in medicine, tellurium agents as selective antibiotics and in cancer drug 

development.[14, 41, 42] 
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D THE PHOSPHORUS-TELLURIUM BOND AND ITS COMPOUNDS 

As mentioned before, compared to phosphorus-sulfur chemistry, phosphorus-selenium 

species are relatively rare, while the number of phosphorus-tellurium systems is limited to the 

low number of about 430 species, which incorporate a P–Te bond.[1, 43, 44] Consequently, only 

a small number of crystallographically investigated compounds (< 60) incorporating 

phosphorus-tellurium bonds are available for the comparison of structural parameters as well 

as characteristics regarding their 31P and 125Te NMR data.[44] 1 This lack of information exists 

despite the fact that phosphorus-tellurium species show characteristic mass spectrometry 

patterns – due to the different tellurium isotopes – and both 31P as well as 125Te NMR activity, 

which facilitates the investigation of these systems.  

Above all, the investigation of dichalcogenoimidodiphosphinate ligands [N(PR2E)2]− (E = Te) 

gave rise to a series of phosphorus-tellurium salts, halogenated derivatives and metal 

complexes.[45] The interest in these compounds stems predominantly from their potential use 

as single-source precursors of thin semiconducting films.[45, 46] 

Whereas the synthesis of the sulfur and selenium derivatives [N(PR2E)2]− (E = S, Se) is 

achievable by the reaction of HN(PiPr2)2 with elemental sulfur or selenium,[47] the oxidative 

power of tellurium is not sufficient to form the tellurium derivative. Instead, a metallation-first 

approach reacting HN(PR2)2 (R = iPr, tBu, Ph) with a strong base (e.g. sodium hydride) and 

subsequent reaction with tellurium is necessary to yield [N(PR2Te)2]−.[48, 49] The resulting salts 

were used as starting materials in a widespread investigation of the reactions of this 

dichalcogenoimidodiphosphinate system including the following species (Figure 6):[45]  

A. An unusual ditelluride[49] or spirocyclic contact ion pairs as a result of one-electron 

oxidation (Figure 6 A1 and A2)[50]  

B. Monocations by two-electron oxidation [N(PR2Te)2]− (Figure 6 B)[51]  

C. Homoleptic complexes M[N(PiPr)2Te)2]n incorporating main group-, transition metal-, 

lanthanide- and actinide-elements (Figure 6 C)[52, 53, 54, 55, 56, 57] 

D. Homoleptic complexes M(TePiPr2NiPrP)2 with M = Zn, Cd, Hg, Ni, Pd or Pt (Figure 6 

D)[55, 58, 59, 60] 

E. Metal (Ga, In) tellurium rings as a consequence of an intramolecular tellurium transfer 

(Figure 6 E)[61, 62] 

                                                 
1 A search in the crystallographic structural database CSD (Cambridge Structural Database) yielded less than 60 results of 

crystal structures with P–Te bonds incorporated (the published results of this thesis were excluded). 
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Figure 6: Examples of P–Te compounds based on ditelluridoimidodiphosphinates [N(PR2Te)2]
−.[45] 

In addition to the comparably large number of PNP-stabilised P–Te compounds, interesting 

and unusual substances were synthesised and elucidated by X-ray crystallography. Thus, 

one of the first examples of a structurally characterised P–Te compound, which involves a P–

Te–Te–Te–P unit, is the cationic species [tBu3PTe3PtBu3]2+[SbF6]22− that was synthesised in 

1987 (Figure 7, A).[63] Also noteworthy is the intriguing phosphorus-tellurium cage 

P6C4tBu4Te, resulting from a Te insertion into a P–P bond (Figure 7, B).[64] 

Furthermore, Dutton and Ragogna synthesised a 1,2,5-telluradiazolium-PPh3 complex, which 

incorporates an unusual coordinative phosphorus-tellurium bond (Figure 7, C).[65] A similar 

cationic P–Te complex was observed after reacting a ditelluride with triflic acid and 

subsequent reaction with a triphenylphosphane to give the heteroleptic complex 

[MesTe(PPh3)]O3SCF3 (Figure 7, D).[66] 

 

Figure 7: Series of unusual compounds incorporating P–Te bonds, including bond lengths and 1J(P,Te) values. 
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A rather unique anionic bis(dichalcogenophosphinate) complex incorporating phosphorus 

atoms that are bond to two exo-tellurium atoms ([PhP(Te)2CH2CH2P(Te)2Ph]2− was stabilised 

by the use of the large dication [Li8(OH)6(THF)8]2+. The compound is accessible via tellurium 

insertion into a phosphorus-lithium bond (Figure 8, E).[67] Similarly, tellurium treatment of a 

lithium diphenylphospide (Ph2PLi) species gave rise to a tellurophosphinite 

[Ph2PTe][Li(TMEDA)1.33(THF)1.33] or a ditellurophosphinate using two tellurium equivalents 

[Ph2PTe2][Li(THF)3.5(TMEDA)0.25] (Figure 8, F).[68, 69] The phosphorus-tellurium bonds in 

these systems are comparable to the aforementioned phosphane tellurides tBu3P=Te,[70] 

iPr3P=Te[71] and tBu2[NH(C6H11)]P=Te, which are readily available by reacting the 

phosphanes with elemental tellurium.[72] Another intriguing anionic compound was isolated 

after reacting P4 with Na2Te2 yielding P4Te2
2−, which was identified by 31P and 125Te NMR 

spectroscopy.[73] 

On a different note, the reaction of tellurium with a diphosphane that has a “persistent 

phosphinyl radical character in solution”, yielded a monotelluride selectively (Figure 8, G).[74]  

A first crystal structure of a R3PTe(R)I compound was presented in 2000 (Figure 8, H1),[75] 

which builds on the remarkable work of Petragnani and Moura Campos on the synthesis of 

the unstable [Ph3PTe(2-Nap)I].[76] Tokitoh described a similar structure (Ph3PTe(Bbt)X) as a 

organotellurium cation[77] and the Chivers group reported Et3PTeX2 (X = Cl, Br, I) complexes 

that can be seen as an expansion to this kind of compound (Figure 8, H2).[78]  

 
Figure 8: Further examples of phosphorus-tellurium compounds. 
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Table 1: Selected phosphorus-tellurium compounds incorporating P–Te bonds; Bond lengths and 31P NMR data. 

Reference Compound P–Te bond 
length [Å] 

31P NMR (P–
Te); 1J(P,Te) 

coupling 

N. Kuhn, H. Schumann, G. Wolmerhäuser, Z. 
Naturforsch. B 1987, 42, 674-678. 

tBu3P=Te  2.368 1663 Hz 

D. Buchholz, G. Huttner, L. Zsolnai, W. Imhof, J. 
Organometallic Chem. 1989, 311, 25-41. 

Fe2(CO)6(µ2-R’Te)(µ2-RPTeR’) 2.481(5) 196.1 ppm 
856 Hz 

J. Beckmann, J. Bolsinger, A. Duthie, P. Finke, E. 
Lork, C. Lüdtke, O. Mallow, S. Mebs, Inorg. Chem. 
2012, 51, 12395−12406. 

[MesTe(PPh3)]O3SCF3 2.467(1)  
[calc. 2.481] 

6.0 ppm 
1148 Hz 

R. P. Davies, M. G. Martinelli, A. E. H. Wheatley, A. 
J. P. White, D. J. Williams, Eur. J. Inorg. Chem. 
2003, 3409-3416. 

[Ph2PTe][Li(TMEDA)1.33(THF)1.33] 2.4471(9) −32.5 ppm 
747 Hz 

 [Ph2PTe2][Li(THF)3.5(TMEDA)0.25] 2.399(3)  
2.380(4) 

−123.8 ppm 
1530 Hz 

 [Ph2P(Se)Te][Li(THF)2(TMEDA)] 2.379(3) −43.0 ppm 
1485 Hz 

G. G. Briand, T. Chivers, M. Krahn, M. Parvez, 
Inorg. Chem. 2002, 41 (25), 6808-6815. 

{(THF)2Li2[PhP(Te)(NtBu)2]}2 2.4935(12) −14.4 ppm 
1209 Hz 

J. Konu, T. Chivers, Dalton Trans. 2006, 3941-3946. Et3PTeCl2  
 

2.466(1) 32.9 ppm 
1390 Hz  
(123Te 1152 Hz) 

 Et3PTeBr2  
 

2.473(1) 19.5 ppm  
1315 Hz  
(123Te 1091 Hz) 

 Et3PTeI2  2.490(1) −0.6 ppm 
1251 Hz  
(123Te 1038 Hz) 

M. C. Copsey, T. Chivers, Chem. Commun. 2005, 
4938-4940. 

{Ga(µ-Te)[iPr2PNiPr2-PTe]}2 2.453(1) 83.1, 82.1 ppm 
1094 Hz, 

 {In(µ-Te)[N(iPr2PTe)2]}3 2.450(2) 34.6 ppm 
1210 Hz 

G. G. Briand, T. Chivers, M. Parvez, G. Schatte, 
Inorg. Chem. 2003, 42, 525-531. 

[tBu(H)N(Te)P(µ-NtBu)2PN(H)tBu] 2.370(1) −39.7 ppm 
2024 Hz 

 {Mg[tBuN(Te)P(µ-
NtBu)2PNtBu](THF)2}•THF 
 

2.385(3) −26.2 ppm 
1856 Hz 

J. Konu, H. M. Tuononen, T. Chivers, Inorg. Chem. 
2009, 48, 11788-11798. 

TMEDA•Li[HC(PPh2Te)(PPh2)] 2.404(1)  
[B.O. 1.16] 

−14.2 ppm 
1359 Hz 

J. S. Ritch, T. Chivers, D. J. Eisler, H. M. Tuononen, 
Chem. Eur. J. 2007, 13, 4643-4653. 

(TePiPr2NPiPr2Te–)2 2.451(3) 
2.637(3) 
2.465(3) 
2.412(3) 

broad signals, 
J(P,Te) invisible 

 [(TePtBu2)2N]+I− 2.550(2) 
2.451(2) 

83.5 ppm 
959 Hz 

S. D. Robertson, T. Chivers, H. M. Tuononen, Inorg. 
Chem. 2008, 47, 10634-10643. 

[(SePiPr2)(TePiPr2)N]I 2.497(1) 62.5 ppm 
967 Hz 

 (SePiPr2NPiPr2Te–)2 2.490(1) 41.7 ppm 
1012 Hz 

 Cp2Co[(TePiPr2)2N] 2.401(1) 23.5 ppm 
1571 Hz 

T. Chivers, D. J. Eisler, J. S. Ritch, H. M. Tuononen, 
Angew. Chem. Int. Ed. 2005, 44, 4953-4956. 

HPiPr2NiPr2PTe 2.3798(8) 48.2 ppm 
1654 Hz 

 [TePiPr2NiPr2PTe–]2 2.489(2) 
 
2.394(2) 

45.8 ppm 
1026 Hz; 
42.2 ppm  
1500 Hz 

J. S. Ritch, T. Chivers, Dalton Trans. 2010, 1745-
1750. 

{Tl[(TePiPr2)2N]}n 2.419(2)- 
2.428(2) 

30.4 ppm 
1376 Hz 

J. Konu, Tristram Chivers, H. M. Tuononen, Inorg. 
Chem. 2006, 45, 10678-10687. 

[N(PiPr2Te)2]SbF6 2.497(2) 
2.485(2) 

85.7 ppm 
863 Hz 

 [N(PPh2Te)2]I 2.510(1) 
2.457(1) 

21.9 ppm 
1066 Hz 

J. S. Ritch, S. D. Robertson, M. Risto, T. Chivers, 
Inorg. Chem. 2010, 49, 4681-4686. 

TePiPr2NP(I)iPr2 2.378(1) 34.9 ppm 
1763 Hz, 

 TePtBu2NP(I)tBu2 2.401(1) 54.7 ppm 
1749 Hz 

S. D. Robertson, J. S. Ritch, T. Chivers, Dalton 
Trans. 2009, 8582-8592. 

Pd[(TePiPr2)2N]2 2.464(1) 
2.429(1) 

31.1 ppm 
1339 Hz 
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 Pt[(TePiPr2)2N]2 2.465(2) 
2.437(2) 

25.5 ppm 
1333 Hz 

 Pt[(PiPr2)- 
(TePiPr2)N][σ:η2-
C8H12(PiPr2NPiPr2Te)] 

2.482(2) 
 
2.383(2) 

69.9ppm 
921 Hz 
24.4 ppm 
1643 Hz 

J. S. Ritch, T. Chivers, Inorg. Chem. 2009, 48, 
3857-3865. 

{Cu(TePiPr2NPiPr2)}3 2.465(2) 
2.483(2) 
2.484(2) 

72.9 ppm 
1085 Hz 

 {Ag(TePiPr2NPiPr2)}3 2.460(3) 
2.470(3) 
2.471(3) 

68.2 ppm 
1077 Hz 

 (Ph3P)Au(TePiPr2NPiPr2) 2.439(3) 77.0 ppm 
1181 Hz 

G. G. Briand, T. Chivers, M. Parvez, Angew. Chem. 
Int. Ed. 2002, 41 (18), 3468-3470. 

[{[Na(TMEDA)][(TePPh2)2N]}2] 2.4029(13) 
2.3827(13 

9.5 ppm 
1632 Hz 

 [Li(TMEDA)]2[Te(NtBu)P(µ-
NtBu)2P(NtBu)Te] 

2.4515(8) 
2.4243(7) 

−113.7 ppm 
1467 Hz 
−75.3 ppm 
1309 Hz 

J. Konu, T. Chivers, H. M. Tuononen, Chem. 
Commun. 2006, 1634-1636. 

[(TMEDA)NaN(PiPr2Te)2] 2.437(3) 
[calc. 2.449] 
2.396(3) 
[calc. 2.496] 

68.1 ppm 
1040 Hz 

S. D. Robertson, T. Chivers, H. M. Tuononen, Inorg. 
Chem. 2009, 48, 6755-6762. 

[(SePtBu2)2N][(TePtBu2)2N] 2.588(2) 
[calc. 2.642] 
2.435(2) 
[calc. 2.437] 

72.6 ppm 
945 Hz 

 [(SPiPr2)2N][(TePiPr2)2N] 2.503(1) 
[calc. 2.528] 
2.439(1) 
[calc. 2.434] 

70.6 ppm 
1056 Hz 

R. P. Davies, M. G. Martinelli, L. Patel, A. J. P. 
White, Inorg. Chem. 2010, 49, 4626-4631. 

[PhP(Te)2CH2CH2P(Te)2Ph]2− 
[Li8(OH)6(THF)8]2+ 

2.397(8) 
2.377(7) 

−131.1 ppm 
1361 Hz 

R. Hensel, W.-W. du Mont, R. Boese, D. Wewers, L. 
Weber, Chem. Ber. 1985, 118, 1580-1587. 

(CO)4Cr-[(PtBu2)2Te] 2.481(1) 
2.491(1) 

32.3 ppm 
324 Hz 

H. Westermann, M. Nieger, E. Niecke, Chem. Ber. 
1991, 124, 13-16. 

[(iPr2N)2P]2Te 2.559(1) 
2.576(2) 

91.2 ppm 
562 Hz 

P. D. Boyle, W. I. Cross, S. M. Godfrey, C. A. 
McAuliffe, R. G. Pritchard, S. Sarwar, J. M. 
Sheffield, Angew. Chem. Int. Ed. 2000, 39 (10), 
1796-1798. 

Ph3PTe(Ph)I 2.568(2) 26.9 ppm 
no 1J(P,Te) 
visible 

N. Kuhn, H. Schumann, R. Boese, J. Chem. Soc., 
Chem. Commun. 1987, 1257-1258. 

[tBu3PTe3PtBu3]2+[SbF6]22− 2.505(4) 
2.492(3) 

79.4 ppm 
no satellites, 
rapid dec. 

M. M. Al-Ktaifani, D. P. Chapman, M. D. Francis, P. 
B. Hitchcock, J. F. Nixon, L. Nyulászi, Angew. 
Chem. Int. Ed. 2001, 40 (18), 3474-3475. 

P6C4tBu4Te 
cage 

2.4728(9) 
2.4790(5) 

91.5 ppm 
358 Hz 

N.A. Giffin, A. D. Hendsbee, T. L. Roemmele, M. D. 
Lumsden, C. C. Pye, J. D. Masuda, Inorg. Chem. 
2012, 51, 11837-11850. 

((H2C)2(NDipp)2P)Te(P(NDipp)2(CH2)
2) 

2.584(7) 
2.587(8) 

177.07 ppm 
278 Hz 

M. D. Francis, D. E. Hibbs, P. B. Hitchcock, M. B. 
Hursthouse, C. Jones, T. Mackewitz, J. F. Nixon, L. 
Nyulaszi, M. Regitz, N. Sakarya, J. Organomet. 
Chem. 1999, 580, 156-160. 

P2TeC2tBu2[W(CO)5] 
ring system 

2.378(2) 302 ppm 
1028 Hz 

J. L. Dutton, P. J. Ragogna, Inorg. Chem. 2009, 48, 
1722-1730. 

[NCH2CH2N(tBu)]TePPh3
+[SO3CF3]− 2.604(1) −11.7 ppm 

533 Hz 
J. W. Dube, M. M. Hänninen, J. L. Dutton, H. M. 
Tuononen, P. J. Ragogna, Inorg. Chem. 2012, 51, 
8897-8903. 

[Te(dppe)][OTf]2  
dppe = 1,2-bis(diphenylphosphino)ethane 
OTf = trifluoromethanesulfonate] 

2.495(3) 
[calc. 2.472] 
2.465(3) 
[calc. 2.472] 

rapid dec. in 
solution 

N. Kuhn, H. Schumann, G. Wolmershauser, J. 
Chem. Soc., Chem. Commun. 1985, 1595-1597. 

W(CO)5(tBu3PTe) 2.439(2 49.9 ppm 
1600 Hz 

M. L. Steigerwald, T. Siegrist, E. M. Gyorgy, B. 
Hessen, Y.-U. Kwon, S. M. Tanzler, Inorg. Chem. 
1994, 33 (15), 3389-3395. 

FeTe2(depe)2 
depe = Et2PCH2CH2PEt2 

2.357(2) not given 

The table represents most of the structurally characterised phosphorus-tellurium compounds. Compounds that are not depicted are very similar to 

those in the table or lacking NMR or X-ray information. 
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Furthermore, the content of this table should be a suitable source for an in depth 

investigation of the P–Te bond, its properties and chemical behaviour, especially when 

compared to the compounds synthesised in this work.  

The sum of the covalent radii of phosphorus and tellurium is reported to be 2.47 Å[79, 80] for a 

single bond and 2.30 Å for a P=Te double bond.[79] Phosphorus-tellurium bonds that have 

this bond length (2.47 Å) could be considered as ideal single bonds with a bond order of 1, 

whereas compounds with the P=Te bond length of 2.30 Å would show a strong double bond 

character (B.O. = 2). The sum of the van der Waals radii for phosphorus (1.80 Å) and 

tellurium (2.06 Å) is 3.86 Å.[81] As shown in Table 1 the observed P–Te bond lengths range 

between 2.357(2) Å for FeTe2(depe)2
[82] representing a potentially weak P=Te double bond, 

and 2.604(1) Å for a dative P→Te bond (B.O. = 0.6)[65] or 2.637(3) Å for a compound that 

was described as a spirocyclic contact ion pair.[50] 

Figure 9 shows that the P–Te bond lengths strongly correlate to the 1J(P,125Te) values 

observed by 31P NMR and 125Te NMR spectroscopy. The 1J(P,125Te) values are considered 

to be positive and their values seem to depend on the bond order as well as on the oxidation 

state of the phosphorus atoms.[17, 83] Compounds that substantially deviate from the trendline 

(in red) are PIII–Te-compounds such as ((H2C)2(NDipp)2P)Te(P(NDipp)2(CH2)2) with d(P–Te) 

= 2.584(7) Å and 1J(P,125Te) = 278 Hz,[84] (CO)4Cr-[(PtBu2)2Te] with d(P–Te) = 2.481(1) Å 

and 1J(P,125Te) = 324 Hz,[85] [Ph2PTe][Li(TMEDA)1.33(THF)1.33] with d(P–Te) = 2.4471(9) Å 

and 1J(P,125Te) = 747 Hz[68] or the cage compound P6C4tBu4Te with d(P–Te) = 2.4790(5) Å 

and 1J(P,125Te) = 358 Hz.[64] Our investigations will support the assumption that 

phosphorus(III)-tellurium bonds show significantly lower 1J(P,125Te) values than 

phosphorus(V)-tellurium bonds as well as the absence of a strong dependence of the 
1J(P,125Te) on the P–Te bond length. 

Representative P–Te single bonds were reported to be 2.50 Å (for (tBu3PTe)2Te), while a 

P=Te “double bond” length of 2.37 Å was found for tBu3P=Te.[86], 2] The sector of the bond 

lengths from 2.35-2.41 Å (cf. Figure 9) can mainly be attributed to potential P=Te double 

bonds, the corridor between 2.42-2.52 Å to P–Te single bonds. The area for single bonds 

correlates quite well with the reported sum of covalent radii of phosphorus + tellurium 

(2.47 Å) considering a tolerance of ±0.05 Å.[79, 80] Furthermore, compounds with the P–Te 

bond lengths of 2.55-2.61 Å could be considered as part of the rare group of P→Te donor-

acceptor complexes (Figure 9). The R2-factor of 0.599 for the the trendline suggests only a 

                                                 
2 Further representative d(P–R) values of importance for this thesis: P–S: 2.13 Å ((F2P)2S) or 2.03 Å (PS4

3−); P=S: 1.88 Å 

(PSCl3); P–Se: 2.24 Å (P4Se3); P=Se: 1.96 Å (Et3PSe); P–N: 1.77 Å (NaHPO3NH2); P–N–: 1.71 Å (PN4
7−); P=N: 1.57 Å 

(Ph3P=NC6H4Br); P–P: 2.22 Å (P2H4).[86] 
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small correlation of the P–Te bond length to the 1J(P,Te) values for all compounds combined. 

Considering the different chemical environments and oxidation states, especially of the 

phosphorus atoms the correlation might be stronger (Figure 9). 

 
Figure 9: Correlation of literature reported phosphorus-tellurium bond lengths to their 1J(P,125Te) values. 

Phosphorus-tellurium double bonds have been subject to calculations of PE (E = O, S, Se, 

Te) bond energies and orbital populations. For the P=Te bond the calculations revealed a 

contribution of σ-donation from the phosphane and π-back-donation to the phosphane.[87] 

The PE bond energy of the P=Te bond was calculated to be 184 kJ/mol, which is for example 

significantly lower than that of the P=O bond (544 kJ/mol). Furthermore, the π-bond order 

was shown to decrease down from 0.7 for oxygen to 0.5 for tellurium, meaning a typical 

P=Te bond in tertiary phosphane tellurides has a bond order of 1.5 instead of 2. This is in 

good agreement with structurally characterised representatives that report a P=Te double 

bond: tBu3PTe (2.368 Å),[70] iPr3PTe (2.365 Å)[71] and tBu2[NH(C6H11)]PTe (2.371(1) Å),[72] or 

the recently reported [Ph2PTe][Li(TMEDA)1.33(THF)1.33] and [Ph2PTe2][Li(THF)3.5 

(TMEDA)0.25].[68]  

Results from 125Te NMR spectroscopy further suggested the predominance of the R3P+–Te− 

resonance form over the R3P=Te form. This was seen to be in accordance with the low 

values of for the 125Te NMR shift when compared to Te=C systems, mainly derived from “the 

greater electron density on the tellurium, leading to a greater shielding at the nucleus.”[88] 

Furthermore, high values for 1J(P,Te) were seen to suggest significant σ-bonding, whereas 

low values could be explained with a significant contribution of π-bonding.[88] 
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E RESEARCH OBJECTIVES 

The core objective of this thesis was the synthesis and characterisation of new phosphorus-

tellurium species, especially heterocycles, macrocycles and compounds exhibiting unusual 

phosphorus-tellurium bonding interactions. 

In order to synthesise such species we tried to break the mould by introducing different ways 

to prepare and characterise new representatives of this class of substances. The use of 

stabilising substituents and the optimisation of the synthesis of known systems as well as the 

first crystallisation of a representative of a phosphorus-tellurium heterocycle were important 

goals of this thesis. Furthermore, we planned to make use of components like 

cyclodiphosphazane ring systems (P2N2 rings) as well as organic backbones like 

naphthalene or acenaphthene to stabilise unusual P–Te bonding environments. This strategy 

allowed us to study the structural parameters as well as spectroscopical characteristics of the 

phosphorus-tellurium bond in more detail. 

In addition, for comparison, sulfur as well as selenium analogues of the new phosphorus-

tellurium compounds have been synthesised or analogous reactions with these derivatives 

have been performed. These investigations produced new macrocyclic compounds as well 

as intriguing metallocycles and other metal complexes, which allowed us to compare the 

chemical behaviour of sulfur and selenium systems with that of the tellurium species.
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CHAPTER I: ORGANOPHOSPHORUS(III)-TELLURIUM 
HETEROCYCLES 

 

Phosphorus sulfides have been known for over 270 years and are familiar in strike-anywhere 

matches, which contain P4S3. Many phosphorus-sulfur and phosphorus-selenium 

compounds have been discovered and characterised but, in contrast phosphorus-tellurium 

compounds are quite rare, since it is difficult to stabilise the P–Te and P=Te bonds. In this 

chapter we present the first series of structures of organophosphorus(III)-tellurium 

heterocycles, which were isolated and subsequently structurally characterised by X-ray 

crystallography. 
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I.1 INTRODUCTION 

A TELLURIUM-CONTAINING HETEROCYCLES 

The chemistry of organotellurium compounds, in particular the heterocyclic chemistry, has 

been subject to a wide range of research, producing multiple reviews as well as books 

concerning this topic.[89, 90] The analogy between carbon and phosphorus makes this 

chemistry an interesting basis for creating ideas for the synthesis of novel phosphorus-

tellurium heterocycles, which is why the chemistry should be briefly discussed in this 

introduction, focusing on tellurium-containing heterocycles incorporating group 15 atoms. 

The synthesised representatives include species with ring sizes between four and nine ring 

atoms. One of the few four-membered tellurium and nitrogen containing heterocycles, the 

tellura-2,4-diazacyclobutan-3-one, was synthesised by a salt elimination reaction using an 

organotellurium(IV) trichloride and a (bis)trimethylsilyl substituted organic system (Scheme 
1).[91] 

 

Scheme 1: Synthesis of a four-membered tellurium and nitrogen containing heterocycle.[91] 

In contrast to other cyclic systems, the five-membered heterocycles including 1,2-

isotellurazoles, tellurazoles, telluradiazoles and tellurazolines as well as their analogues were 

investigated intensively.[89] 1,2-isotellurazoles were first prepared by an addition of 

hydroxylamine-O-sulfonic acid to an acetylenic ketone in a buffered aqueous sodium acetate 

solution in the presence of potassium telluride (Scheme 2).[92, 93] 

 
Scheme 2: Synthesis of 1,2-isotellurazoles.[92, 93] 

Furthermore, an example of a tellurazole was synthesised by cyclisation of ortho-ethyl-

telluroanilide with phosphorus oxychloride, where a variety of substituents could be 

introduced at the 4-position.[94] 1,2,5-telluradiazoles can be accessed from the manipulation 

of the corresponding 1,2,5-thiadiazoles or 1,2,5-selenadiazoles.[95] The chalcogen is removed 

on addition of ethyl magnesium bromide and the reaction with tellurium tetrachloride yields 
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the telluradiazoles (Scheme 3). Selenadiazoles as precursors are favoured over the thia 

derivatives due to better overall yields.[89] 

 
Scheme 3: Synthesis of telluradiazoles.[95] 

The small group of six-membered tellurium and nitrogen containing heterocycles includes the 

phenotellurazines that were first synthesised by addition of tellurium tetrachloride to a 

quinoline phenyl amine and subsequently deprotonated and reduced.[96] Lithiation of 2,2’-

dibromo-N-methyldiphenylamine with n-butyllithium and subsequent reaction with tellurium 

tetrachloride turned out to be a valuable approach to yield phenotellurazine dichlorides.[97] 

The first example of a rare tellurium substituted diphosphole was reported in 1999 by Francis 

et al.[98] and was isolated after reacting [Li(TMEDA)2][1,4,2-P2SbC2tBu2] with Te(S2CNEt2)2 

(Scheme 4).  

 

Scheme 4: Synthesis of the first tellurium-substituted diphospole.[98] 

 

The diphosphole exhibits a 1J(P,Te) value of 1028 Hz and a 2J(P,Te) of 151 Hz as revealed 

by 31P NMR spectroscopy. 
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B PHOSPHORUS-CHALCOGEN HETEROCYCLES 

Besides the extremely well known P–O compounds, heterocycles and clusters, the 

phosphorus-sulfur/selenium heterocycles (RP)nEm (E = S, Se) are the best-explored group in 

the area of cyclic phosphorus-chalcogen species. These heterocycles result formally from 

the combination of RP and E groups and can be considered as valuable compounds with a 

growing range of applications.[99] 

B1 PHOSPHORUS-SULFUR/SELENIUM HETEROCYCLES 

The investigation of phosphorus-sulfur as well as phosphorus-selenium heterocycles has a 

long history within main group chemistry.[99, 100, 101] On a closer examination of these 

heterocycles two compounds attract special attention because they can be used in the 

synthesis of a variety of inorganic, organic and pharmaceutical compounds. On the one hand 

the Lawesson’s reagent [(p-MeOC6H4)(S=)P)2(µ-S)2] (LR, Figure 10), which was discovered 

in 1956 during a study of the reactions of arenes with P4S10 and is used as a powerful 

thionation reagent of carbonyl compounds.[102, 103] 

The selenium analogue [(Ph(Se=)P)2(µ-Se)2] was investigated by Woollins et al. and is thus 

called Woollins’ reagent (WR, Figure 10). It can be used as a selenation agent of carbonyl 

compounds to form selenocarbonyls as well as for the selenation of alkenes, alkynes, nitriles 

and carboxylic acids.[104] 

 

Figure 10: Schematic representation of the Lawesson’s reagent (LR) and Woollins’ reagent (WR).[103, 104] 

 

As mentioned before, the family of phosphorus-sulfur heterocycles is a well investigated 

class of phosphorus-chalcogen heterocycles and many reviews and publications describing 

this chemistry are available.[99, 105] In contrast to the phosphorus-sulfur heterocycles the 

characterisation of the known phosphorus-selenium heterocycles is mainly based on 31P and 
77Se NMR data, and only a small number of crystal structures is known.[106, 107, 108, 109, 110] To 

date fourteen different phosphorus-selenium ratios and different isomers of these were 

reported (Figure 11). 
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Figure 11: Structural arrangements of organophosphorus-selenium heterocycles (RP)nSem.[108] 

The group includes unsaturated acyclic representatives such as selenoxophosphanes RPSe 

(R = –CR=PPh3)[111], diselenooxophosphanes RPSe2 (R = Mes*,[112] pTol[108]) and 

diphosphoselenides (RP)2Se.[108]  

The general syntheses involve either the oxidation of a cyclopolyphosphane (RP)n with 

elemental selenium or the condensation of dichlorophosphanes RPCl2 (R = alkyl, aryl) with 

an alkali metal (poly)selenide M2En (M = Li, Na, E = Se, n = 1, 2). The resulting phosphorus-

chalcogen heterocycles are stable at ambient temperature and do not show any tendency to 

disproportionate into (RP)n and En.[100, 106, 107, 108, 110] 

A general observation in the synthesis of these compounds is the influence of different 

substituents. Five-membered rings were observable for sterically undemanding substituents 

like methyl or ethyl groups. In contrast, sterically demanding substituents (Mes*, etc.) led to 

smaller, especially three-membered ring systems, as well as larger ones (six-membered and 

eight-membered rings). The tert-butyl substituent was shown to be unspecific and led to a 

wide range of phosphorus-selenium heterocycles with different P/Se ratios.[106, 107, 108, 110] 

B2 PHOSPHORUS-TELLURIUM HETEROCYCLES 

In contrast to phosphorus-sulfur and -selenium heterocycles only a few representatives of the 

analogous phosphorus-tellurium heterocycles (RP)nTem have been reported in literature.[99] 

The first examples, a three-membered as well as a four-membered heterocycle, were 
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identified after the oxidation of tBuP(SiMe3)2 with elemental tellurium and the condensation of 

tBuPCl2 (or (tBuP)2Cl2) with sodium telluride in 1983.[113] Due to the thermal instability of 

these compounds, their characterisation was limited to 31P and 125Te NMR spectroscopy. In 

1993 the family of the known organophosphorus(III)-tellurium heterocycles was extended to 

five-membered ring systems.[114] Compared to P–S/Se systems the P–Te bonds are 

significantly weaker, which causes the compounds (RP)nTem to be thermally less stable, so 

that the disproportionation equilibrium is often shifted to the side of (RP)n and elemental 

tellurium.[113, 114] This causes a high thermal sensitivity of the compounds. 

 

Figure 12: The first series of organophosphorus(III)-tellurium heterocycles, synthesised by du Mont et al.[113, 114] 

The first phosphorus-tellurium heterocycles with substituents other than tBu groups at the 

phosphorus atoms were published in 2001.[115] By the condensation of dialkylamino 

dichlorophosphanes R2NPCl2 with sodium telluride (Na2Te) or bis(trimethylsilyl) telluride 

((SiMe3)2Te) new amino-substituted phosphorus-tellurium heterocycles (R2NP)nTem could be 

obtained and characterised by 31P and 125Te NMR spectroscopy. This work describes three-

membered rings (R2NP)2Te (R = iPr, cHex, Ph, tetramethylpiperidine) four-membered 

systems (R2NP)3Te (R = iPr, cHex, Ph, tetramethylpiperidine) as well as one five-membered 

heterocycle (R2NP)3Te2 (R = iPr).[115] Unfortunately, the electron-donating nitrogen atoms did 

not have a significant stabilising effect on the described compounds.[115]  

The first organophosphorus(III)-tellurium heterocycles with electron-withdrawing substituents 

at the phosphorus atoms that could be identified incorporated perfluorinated organyl 

substituents. The reaction of trifluoromethyl dichlorophosphane with sodium telluride (Na2Te) 

or bis(trimethylsilyl) telluride ((SiMe3)2Te) in THF at −78 °C yielded three-, four- and five-

membered ring systems with similar characteristics to the tBu-derivatives described 

above.[108, 110, 116] 

 

Figure 13: Organophosphorus(III)-tellurium heterocycles with trifluoromethyl substituents.[116] 
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These heterocycles are rather stable in THF at ambient temperature, but eliminate tellurium 

to form cyclophosphanes over time.[113, 114, 115, 116] 

Furthermore, P–Te heterocycles with electron-donating substitutents (Mes*O, Mes* = 2, 4, 6-

tri-tert-butylphenyl) were studied by NMR spectroscopy.[108, 110] The formation of a stable 

1,3,5,2,4,6-tritelluratriphosphorinane (RP)3Te3 was observed by the condensation of 

trityldichlorophosphane (TrtPCl2, Trt = trityl = CPh3) with (SiMe3)2Te.[108, 110, 116] 

Since the synthesis and isolation of the first stable diphosphene (Mes*P=PMes*, Mes* = 

2,4,6-tri-tert-butylphenyl)[117], interesting progress has been made in the chemistry of double-

bond compounds between heavier group 15 elements (dipnictenes).[118, 119, 120] Using this 

advance, Tokitoh et al. described a three-membered organophosphosphorus(III)-tellurium 

heterocycle (TbtP)(FcP)Te (Tbt = tris[bis(trimethylsilyl)methyl]phenyl; Fc = ferrocenyl) that 

was obtained by a tellurisation reaction of a diphosphene TbtP=PFc with nBu3PTe.[121] In 

contrast, the reaction of Te or nBu3PTe with the disubstituted 2,4,6-

tris[bis(trimethylsilyl)methyl]phenyl (Tbt) diphosphene failed.[121] 

B3 SYNTHESIS OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES 

As mentioned before the main synthetic route to (RP)nTem is based on the condensation of 

dichlorophosphanes RPCl2 (R = alkyl, aryl, NR2, OR, CF3) with an alkali metal telluride M2Tex 

(M = Li, Na, x = 1, 2) or bis(trimethylsilyl)telluride ((SiMe3)2Te); the oxidation of tBuP(SiMe3)2 

with elemental tellurium has also been used (Scheme 5).[108, 110, 113, 114, 115, 116] In contrast to 

sulfur or selenium, the oxidising strength of tellurium is usually not high enough to oxidise 

cyclophosphanes. Only one example in the synthesis of a phosphorus-tellurium heterocycle 

is reported using the reaction of a cyclotriphosphane with elemental tellurium.[114] As well, 

only one tellurisation reaction of a diphosphene (TbtP=PFc) using an excess of tri(n-

butyl)phosphane telluride is reported yet.[121] 

 
Scheme 5: Known pathways to organophosphorus(III)-tellurium heterocycles.  

Reactions (2)-(4) have been limited to one example. The most successful Te-sources have been Na2Te, Na2Te2, 

Li2Te and (Me3Si)2Te.[108, 110, 113, 114, 115, 116, 121] 

A potential reaction pathway in the condensation reaction of CF3PCl2 with (Me3Si)2Te was 

suggested by Karaghiosoff et al. (Scheme 6).[108, 116] The proposed stepwise pathway starts 
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with the formation of a chain of alternating phosphorus and tellurium atoms with halogen 

functions at the terminal phosphorus atoms. The chain reaches a definite length and ring 

closures can be achieved by further condensation. Depending on the chain length the 

condensation reaction could lead to a ditelluradiphosphetane, a tritelluratriphosphorinane or 

a tetratelluratetraphospholane ring (Scheme 6).[116] 

 

Scheme 6: Potential pathway of the condensation of RPCl2 with (Me3Si)2Te.[116] 

Due to the high sensitivity of organophosphorus(III)-tellurium heterocycles, only a few 

thermodynamically stable examples of this group could be identified.[113, 116] This significantly 

limited the investigation regarding their reactivity and no successful reactions of (RP)nTem-

systems have yet been reported.  

 

Figure 14: Examples of metallo-phosphorus-tellurium heterocycles.[85, 122, 123] 

In contrast the coordination chemistry of the acyclic Te(PtBu2)2 ligand to form the P,P’-

chelated complexes [M(CO)4][Te(PtBu2)2] (M = Cr, Mo, W)[85, 122] and PtCl2[Te(PtBu2)2][123] has 

been successfully investigated to yield metallo-phosphorus-tellurium heterocycles (Figure 
14). 
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B4 STABILITY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES 

To verify and test the hypothesis of the high thermal, air and light sensitivity of phosphorus-

tellurium systems compared to P–S or P–Se analogues a calculation of bond enthalpies 

using Gaussian03 has been performed. The CCSD method with the basis set (cc-pVTZ) was 

used to calculate the previously unknown bond enthalpies of P–Te-, P–Se- as well as 

previously reported P–P, P–E (E = O, S) and Te–Te bonds.[108] Table 2 shows a summary of 

the results for the calculated bond enthalpies (BE) and a comparison to the literature data. 

Table 2: Calculated bond enthalpies.[108] 

 
BE calculated  

[kcal mol−1] 

BE literature[124, 125] 

[kcal mol−1] 

P–P 39.0 47.3 

P–O 67.0 86.0 

P–S 49.2 48.0 

P–Se 42.9 − 

P–Te 39.1 − 

Te–Te 39.6 33.0 

The results of these calculations suggest that the bond enthalpies of the P–Te bonds are 

similar to those of P–P compounds. This leads to the expectation that the synthesis of a 

broader range of phosphorus-tellurium heterocycles should indeed be possible.[108] The 

published examples of organophosphorus(III)-tellurium heterocycles strongly suggest that 

the substituent at the phosphorus atoms (sterically demanding, electron-donating, electron-

withdrawing) plays an essential role in stabilising the phosphorus-tellurium bonds. 

B5 CONCLUSIONS ABOUT ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES 

To summarise, to date five different P/Te ratios of organophosphorus(III)-tellurium 

heterocycles (RP)nTem could undoubtedly be characterised by 31P and 125Te NMR 

spectroscopy (Figure 15).[108, 110, 113, 114, 115, 116, 121] 

The identified compounds are three-, four- and five-membered rings containing one Te atom 

as well as five- and six-membered rings incorporating one Te–PIII–Te unit or PIII–Te–PIII units.  

Stable and isolatable heterocycles containing both a terminal (exo) as well as a bridging 

(endo) tellurium atom, i.e. a P=Te(µ-Te) unit, comparable to LR and WR, are unlikely and no 

evidence has been reported yet. Additionally, exclusively organophosphorus(III)-tellurium 

compounds could be identified and no phosphorus(V)-systems have been observed. 
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Figure 15: Structural arrangements of organophosphorus(III)-tellurium heterocycles (RP)nTem. The existence of 

Te2(RP)4 is tentative based on limited NMR data.[114] The only mentioned Te2(RP)2 arrangement[110] was shown to 

be a three-membered Te(RP)2 heterocycle in this work. 

Furthermore, the substituents at the phosphorus atoms are essential to improve the stability 

of the rings with respect to loss of Te in solution. Whereas NR2 groups do not have a high 

stabilising influence, CF3 substituents as well as bulky substituents seem to enhance the 

stability of the systems. The pure three- and four-membered rings that were isolated, i.e. 

(tBuP)nTe (n = 2, 3), are yellow or red liquids at RT. All reported compounds were described 

as air-sensitive, some showed light-sensitivity and thermal instability, which complicated the 

isolation and characterisation. In addition the solid-state structure of (AdP)3Te has been 

reported within the framework of a dissertation. Typically, the characterisation was limited to 
31P and 125Te NMR spectroscopy and in rare cases to mass spectrometry.[110, 114] 

C OBJECTIVES 

A core objective of this thesis was the synthesis and characterisation of new phosphorus-

tellurium heterocycles as well as the first synthesis of phosphorus-tellurium macrocycles. 

With this in mind we tried to find new ways to synthesise and characterise this class of 

substances and most importantly to isolate different ring sizes of phosphorus-tellurium 

compounds. The use of stabilising substituents as presented before[108; 110] and the 

optimisation of the synthesis of known systems as well as the first X-ray structural 

characterisation of phosphorus-tellurium ring systems were important continuing goals of this 

thesis. 
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I.2 RESULTS AND DISCUSSION 

Different synthetic approaches were tested for the preparation of various kinds of 

phosphorus-tellurium heterocycles. Whereas the usage of P2N2 ring systems as a stabilising 

component is discussed in chapter two, and P–Te-systems that are stabilised by organic 

backbones (like naphthalene or acenaphthene) in chapter five, this chapter focuses on 

phosphorus-tellurium heterocycles that only incorporate phosphorus and tellurium atoms 

within the ring system. 

A  SYNTHESIS OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES 

Firstly, test reactions of organodichlorophosphane(V)-compounds as well as organoseleno-

dichlorophosphane(V)-compounds with tellurium sources such as Na2Te2, Na2Te and 

(SiMe3)2Te were performed to test the possibilities of the formation of organophosphorus(V)-

tellurium heterocycles. The synthetic approach involved the utilisation of tetrahydrofuran 

(THF) as a solvent and temperatures of −78 °C similar to those reported in the preparation of 

organophosphorus(III)-tellurium heterocycles.[108, 110, 113, 115, 116, 121] The reaction of Ph3PCl2, 

PhP(Se)Cl2 or AdP(Se)Cl2, FcP(S)Cl2 with Te-sources mainly resulted in systems with very 

low solubility and very complicated 31P NMR spectra. Without structural characterisation by 

X-ray the compounds could not be characterised sufficiently. All attempts to crystallise the 

compounds resulted in the formation of powders, which were not measurable by single 

crystal X-ray crystallography. 

Further test reactions showed that the most promising way of isolating and characterising 

phosphorus-tellurium heterocycles was to follow the literature preparation of 

organophosphorus(III)-tellurium heterocycles. Thus, an organodichlorophosphane(III)-

compound would be reacted with a tellurium source such as Na2Te2, Na2Te or (SiMe3)2Te in 

tetrahydrofuran at low temperatures. 

To investigate the influence of the use of the different tellurium sources as well as different 

reaction conditions, the reaction of tBuPCl2 was reinvestigated.[113, 114] The PIII compound tert-

butyldichlorophosphane was reacted with a tellurium source (Na2Te, Na2Te2 or (Me3Si)2Te) 

at −78 °C in tetrahydrofuran or toluene at 80 °C to 110 °C for 3 h and 21 h at RT. The 

organophosphorus(III)-tellurium heterocycles were formed as products of condensation 

reactions, where NaCl or Me3SiCl were formed as a by-product. In the process all 

compounds that were reported by du Mont et al. could be observed, except the proposed 

ditellura-tetraphosphorinane (tBuP)4Te2.[114] For (tBuP)3Te2 (I-4a) the assigned 31P NMR data 

had to be revised and furthermore a potential 2,4,6-tri-butyl-1,3,5-tritellura-2,4,6-

triphosphorinane (tBuP)3Te3 (I-5a) was observed. Scheme 7 gives an overview of the 

identified products for different reaction conditions. For the majority of the reactions the 
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telluradiphosphirane turned out to be the major product. Especially the reactions using 

(Me3Si)2Te yielded a large amount of unidentified side products, presumably due to the high 

reactivity of (Me3Si)2Te. The most selective reactions were observed by using Na2Te2 in THF 

at low temperature, where 90 % of the products could be identified by 31P NMR 

spectroscopy. As a valuable alternative, Na2Te was used in THF at −78 °C to give different 

products or ratios.  

 

Scheme 7: Reinvestigation of the reactions of tBuPCl2 with different tellurium sources. 

All reactions were not 100 % reproducible and multiple replications yielded different ratios of 

the products. All attempts to isolate one organophosphorus(III)-tellurium heterocycle for 

subsequent characterisation by X-ray crystallography failed due to decomposition. Therefore, 

numerous other R-groups at the phosphorus atom were tested to assess their influence on 

the stability of the compounds as well as the selectivity of the reactions. 

The previous observation of relatively stable compounds by using electron-withdrawing 

substituents such as CF3, led us to investigate C6F5PCl2 as a starting material. Unfortunately, 
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no evidence of an organophosphorus(III)-tellurium heterocycle could be found in the 31P 

NMR data in the reactions of C6F5PCl2 with Na2Te2, Na2Te or (SiMe3)2Te, which were 

performed in THF at −78 °C. Instead, the main products of the reactions were identified as 

different cyclophosphanes. Similar results were observed by using p-MeOPhPCl2, MePCl2, 

MesPCl2 (Mes = mesityl)3, TriptPCl2 and iPrPCl24 and o-NMe2C6H4PCl2.5 

More effective in terms of the formation of organophosphorus(III)-tellurium heterocycles were 

reactions of RPCl2 with R = Ph, Fc, Ad, Mes*O, Mes*, and Trt, especially with the reagent 

Na2Te2 in THF at −78 °C (Figure 16).6  

 

Figure 16: Overview of different R-groups used in the synthesis of organophosphorus(III)-tellurium heterocycles. 

Ph = phenyl, Fc = ferrocenyl; Ad = adamantyl; Mes* = supermesityl or 2,4,6-tri-tert-butylphenyl, Trt = trityl; 

Tript = 9-triptycenyl. 

These R groups were chosen since they provide significant steric bulk (Mes*, Trt) to 

kinetically stabilise reactive P–Te bonds. The phenyl substituent was shown to have a 

stabilising influence similar to that of tBu-groups and was used due to its availability and 

versatility. The ferrocenyl ligand was chosen since the Fc analogue of LR has proved to be 

very stable.[126] Furthermore, an adamantyl ligand at a phosphorus atom was shown to have 

similar reactivity and characteristics to the tert-butyl ligands. The reactions of the adamantyl-

substituted compounds are usually slower but crystallisation is favoured in comparison to 

tert-butyl compounds.[127] The Mes*O substituent was used as an example of a sterically 

demanding electronegative ligand system at the phosphorus atom. 

                                                 
3 In the reaction with sodium telluride the main product was a cyclotriphosphane (31P NMR (109.37 MHz, [D8]THF): 

δ [ppm] = −109.3 (d, 1J(P,P) = 180.8 Hz); −144.3 (t, 1J(P,P)  = 180.8 Hz). 
4 Eventually, a small amount of (iPrP)4Te was formed during the reaction of iPrPCl2 with (Me3Si)2Te in THF at −78 °C, identified 

by 31P NMR (δ [ppm]= ~88, 84, cf. (tBuP)4Te).[114] Due to the low stability of the compound as well as the poor NMR data, no 

further characterisation was possible. 
5 This reaction yielded (o-NMe2C6H4P)3 as a major product (beside other phosphorus-containing products) in the reaction with 

Na2Te in THF at at −78 °C. 31P NMR (109.37 MHz, [D8]THF) δ [ppm] = −130.0 (dd, 1J(P,P) = 176.1 Hz, 2J(P,P) = 7.0 Hz); −148.5 

(dd, 1J(P,P)  = 183.1 Hz). 
6 NMR studies of some of the products of the reactions with Mes*PCl2, TrtPCl2, AdPCl2 and Mes*OPCl2 were already 

investigated in the framework of two dissertations in the group of Karaghiosoff.[108, 110] The following work regarding these 

systems aimed to reinvestigate the reactions, isolate and characterise the proposed compounds in more detail than by 31P and 
125Te NMR spectroscopy. 
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The reaction of phenyldichlorophosphane with bis(trimethylsilyl)telluride in toluene at 80 °C 

yielded mainly cyclophosphanes[128] beside the new phenyl substituted 

telluratetraphospholane (PhP)4Te (I-3b) (Scheme 8). The latter was also observed in the 

reaction with Na2Te2 in THF at −78 °C but in lower yield. 

 

Scheme 8: Products of the reaction of PhPCl2 with (Me3Si)2Te in toluene at 80 °C after 24 h. 

Treatment of FcPCl2 with an equimolar amount of Na2Te2 in THF at −78 °C produced 

(FcP)4Te (I-3c) as the major product with the cyclopentaphosphane (FcP)5
[129] as a by-

product, which was identified by X-ray crystallography. The 2,3,4,5-tetra-ferrocenyl-1-tellura-

2,3,4,5-tetraphospholane (FcP)4Te (I-3c) was isolated as an orange to red solid with low 

solubility, which can however be recrystallised from hot toluene to yield pure (FcP)4Te (I-3c) 

in low yield (Scheme 9). 

 

Scheme 9: Reaction of FcPCl2 with Na2Te2 in THF to yield (FcP)4Te (I-3c). 

The formation of (FcP)4Te (I-3c) was also observed by using toluene as a solvent or one of 

the reagents Na2Te or (Me3Si)2Te (instead of Na2Te2) in both THF and toluene. These 

reactions were usually accompanied by a significant amount of by-products in the form of 

ferrocenyl-substituted cyclophosphanes, e.g. the cyclotriphosphane (FcP)3
7
 (I-6c), 

cyclotetraphosphane (FcP)4 (I-7c) and cyclopentaphosphane (FcP)5 (I-8c).[129] 

The reaction of AdPCl2 with Na2Te2 in THF at −78 °C yielded the telluradiphosphirane 

(AdP)2Te (I-1d) as the main product and the telluratriphosphetane (AdP)3Te (I-2d) as a minor 

product (according to 31P NMR data) (Scheme 10); (AdP)3Te was isolated as red crystals in 

ca. 5 % yield. Furthermore, 2,3,5-tri-adamantyl-1,4-di-tellura-2,3,5-triphospholane (AdP)3Te2 
                                                 
7 The novel tris(ferrocenyl)cyclotriphosphane was observed in the reaction of FcPCl2 with (Me3Si)2Te in toluene at 80 °C: 
31P NMR (109.37 MHz, [D8]toluene) δ [ppm] = −151.8 (dd, 1P, 1J(P,P) = 185.5 and 166.7 Hz, 2J(P,P) = 18.8 Hz), −136.2 (dd, 2P, 
1J(P,P) = 178.4 Hz, 2J(P,P) = 7.1 Hz). 
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(I-4d) was observed and characterised by 31P NMR spectroscopy at low temperature. At 

room temperature, the signals disappeared, which precluded further characterisation. 

 

Scheme 10: Reaction of AdPCl2 with Na2Te2 in THF. 

In comparison, the reaction of AdPCl2 with Na2Te under similar conditions yielded the 

adamantylphosphorus(III)-tellurium heterocycles in lower yields and the formation of the 

known tris-adamantyl-cyclotriphosphane (I-6d) as well as the tetrakis-adamantyl-

cyclotetraphosphane (I-7d),8 [130] was favoured. 

Mes*OPCl2 was reacted with Na2Te2 to yield the telluradiphosphirane (Mes*OP)2Te (I-1e), 

which was isolated in a yield of 37 % after recrystallisation from n-hexane (Scheme 11). This 

result contrasted with earlier findings, where the 31P NMR spectra of (Mes*OP)2Te (I-1e) 

were mistakenly assigned to the four-membered ring (Mes*OP)2Te2.[110] 

 
Scheme 11: Reaction of Mes*OPCl2 with Na2Te2 in THF. 

Additionally, the reaction of Mes*PCl2 and TrtPCl2 with an equimolar amount of Na2Te2 gave 

rise to the novel tritelluratriphosphorinanes (Mes*PTe)3 (I-5f) and (TrtP)3Te3 (I-5g) (Scheme 
12 and Scheme 13), which were characterised by NMR spectroscopy and in the case of 

(TrtP)3Te3 by X-ray crystallography.  

For the reaction with Mes*PCl2 the disphosphene (Mes*P=PMes*) was observed as a major 

by-product together with elemental Te, after storage for more than 24 h in solution.[cf. 110]  

 

                                                 
8 A 31P NMR spectrum of the compound was reported before,[130] the new X-ray structure is depicted in chapter VI. 

P
Te

P
P

Ad

Ad

Ad
P

Te
P

AdAd

+
PCl2

= AdPCl2

Te

P P

Te
P

AdAd

Ad

+Na2Te2, – 2 NaCl
–78 °C, THF

I-1d I-2d I-4d

O PCl2

= Mes*OPCl2

P
Te

P
*MesO OMes*

Na2Te2, – 2 NaCl
–78 °C, THF

I-1e



CHAPTER I: ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES 

 32 

 

Scheme 12: Reaction of Mes*PCl2 with Na2Te2 in THF. 

In the reactions of TrtPCl2 with sodium ditelluride a telluratriphosphetane (TrtP)3Te (I-2g) was 

identified as a minor product besides other unknown compounds. This compound was not 

observed when TrtPCl2 was reacted with Na2Te in THF, which yielded (TrtP)3Te3 (I-5g) as 

the major product. When (Me3Si)2Te was used no organophosphorus(III)-tellurium 

heterocycles were observed. In this reaction the major product is presumably (TrtP)4 (I-7g).9  

 

Scheme 13: Reaction of TrtPCl2 with Na2Te2 in THF. 

In contrast to (FcP)4Te (I-3c), (AdP)3Te (I-2d), (AdP)2Te (I-1d) and (Mes*OP)2Te (I-1e) the 

thermal, air and light stability of (Mes*PTe)3 (I-5f), and (TrtP)3Te3 (I-5g) are significantly lower 

than those of the phosphorus-rich ring systems (PR)nTem where n > m. The tBu-derivatives 

(I-3a, I-4a, I-5a) as well as the (PhP)4Te heterocycle (I-3b) show a very high tendency to 

decompose upon exposure to air and light, and are extremely sensitive in solution. 

                                                 
9 31P NMR (109.37 MHz, [D8]toluene) δ [ppm] = −70.9 (s). 
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B NMR SPECTROSCOPY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES  
31P NMR spectroscopy is one of the main tools for the analysis of organophosphorus(III)-

tellurium heterocycles and an assessment of their stability in solution. For thermally stable 

and highly soluble compounds 125Te NMR spectroscopy was also performed to investigate 

their NMR properties in more detail. 

The 31P NMR spectra of (PhP)4Te (I-3b) and (FcP)4Te (I-3c) exhibit a second order AA’MM’ 

pattern (considering the 125Te-containing isotopomer it expands to an AA’MM’X spin system). 

The characteristic values (shift and coupling constants) were calculated by iterative fitting as 

shown for (FcP)4Te (I-3c) in Figure 17.  

 
Figure 17: 31P NMR spectrum (202.47 MHz) of (FcP)4Te (I-3c): A: AA’MM’ spectrum calculated by iterative fitting, 

B: experimental spectrum.[131] 

The 31P NMR spectrum of (FcP)4Te (I-3c) exhibits the P1/P1’ resonances at 84.5 ppm 

revealing a 1J(P1,P2) value of −305.1 Hz, a 2J(P1,P2’/P1’,P2) of 31.0 Hz and a 2J(P1,P1’) 

value of 12.0 Hz. The P2/P2’ resonances are observable at 69.6 ppm with a 1J(P2,P2’) value 

of −339.0 Hz.10 The very poor solubility of (FcP)4Te (I-3c) precluded the observation of 125Te 

satellites as well as characterisation by 125Te NMR. 

(PhP)4Te (I-3b) in comparison shows a very high sensitivity and was only observed and 

characterised by 31P NMR spectroscopy at low temperatures. The spectrum of (PhP)4Te (I-
3b) is quite similar to that of (FcP)4Te (I-3c), the values were again calculated by iterative 

fitting. The P1/P1’ signals are visible at 97.7 ppm revealing a 1J(P1,P2) of −326.4 Hz, a 

                                                 
10 The negative signs of the coupling constants result from the iterative fitting of the spectrum. 
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2J(P1,P2’/P1’,P2) of 30.1 Hz and a 2J(P1,P1’) value of 12.0 Hz. The resonances for the 

P2/P2’ atoms are observable at 65.4 ppm with a 1J(P2,P2’) of −335.0 Hz. 

Figure 18 illustrates the assignment of 31P NMR resonances for the three distinct 

organophosphorus(III)-tellurium heterocycles, observed from the reaction of AdPCl2 with 

Na2Te2 in THF. 

 
Figure 18: 31P NMR spectrum (161.98 Hz) of the reaction of AdPCl2 with Na2Te2 including the assignments for 

three different organophosphorus(III)-tellurium compounds. The (AdP)3Te2 (I-4d) slowly decomposes at RT and 

could thus not be further characterised. 

The adamantyl derivative (AdP)3Te (I-2d) exhibits a first order A2M-type 31P NMR spectrum 

(considering the 125Te-containing isotopomer it expands to an A2MX-type spectrum), 

consistent with an all-trans orientation of the phosphorus substituents. The P2/P4 atoms 

appear as a doublet at −66.6 ppm and the P3 atom as a triplet at −26.3 ppm. The 1J(P,P) 

coupling is 169.0 Hz; the 1J(P,Te) coupling was not observed, possibly due to its surprisingly 

very low value of about 8.0 Hz, which was observed in the 125Te NMR spectrum. The 125Te 

NMR spectrum of (AdP)3Te (I-2d) shows a doublet of doublets at −461.1 ppm (2J(P,Te) = 

80.0 Hz, J(P’,Te) = 8.0 Hz).  

The 31P NMR spectrum of (AdP)2Te (I-1d) consists of a singlet (A2X spin system) at 

−79.8 ppm accompanied by a set of tellurium satellites (125Te, I = ½, 7.1 %), with 1J(P,Te) = 
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220.6 Hz. In the 125Te NMR spectrum one resonance at −818.3 ppm (t, 1J(P,Te) = 218.4 Hz) 

is observed. The chemical shifts and coupling constants for (AdP)3Te (I-2d) and (AdP)2Te (I-
1d) are in good agreement with the values of the corresponding tBu-substituted derivatives, 

reported by du Mont et al.[114]  

The calculated values of the NMR parameters of (AdP)3Te2 (I-4d), consistent with an ABM 

spectrum (neglecting the 125Te-containing isotopomers), are comparable to those of du Mont 

and Severengiz (tBuP)3Te2 (I-4a).[114] A reinvestigation of (tBuP)3Te2
11 (I-4a) (Figure 19) 

revealed three distinct phosphorus resonances in the 31P NMR spectrum consistent with the 

suggested cis-structure, which are very similar to those observed for (AdP)3Te2 (I-4d). 

Karaghiosoff and co-workers reported similar values for (CF3P)3Te2.[116] 

 
Figure 19: Experimental (C,D) and simulated (A,B) 31P NMR spectra (109.37 Hz) of (tBuP)3Te2 (I-4a) for the 

isotopomer without any NMR active Te atoms.  

The resonance for the atom P1 of (tBuP)3Te2 (I-4a) appears at 100.3 ppm (P1) with a 
1J(P1,P2) value of 345.0 Hz and a 2J(P1,P3) of 50.0 Hz, supporting the proposed cis-

conformation of the substituents at the phosphorus atoms P1 and P2. The resonance for the 

second phosphorus appears at 102.2 ppm coupling to the P1 phosphorus with a 1J(P1,P2) of 

345.0 Hz and to the P3 phosphorus with a 2J(P2,P3) of 2.0 Hz. These values support a trans-

positioning of these phosphorus substituents (P1 and P3). The signal that can be attributed 

                                                 
11 This reinvestigation showed that the values of the previously reported chemical shifts and coupling constants[114] were 

incorrect, presumably due to the low quality of the 31P NMR spectrum. 
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to the P3-atom (Te–P3–Te) of (tBuP)3Te2 (I-4a)  can be found at 154.6 ppm (2J(P1,P3) = 

50.0 Hz; 2J(P2,P3) = 2.0 Hz).  

As illustrated in Figure 20 the values and overall appearance of the 31P NMR spectrum of 

(AdP)3Te2 (I-4d) are very similar to those found for (tBuP)3Te2 (I-4a). 

 
Figure 20: Experimental (C,D) and simulated (A,B) 31P NMR spectrum (161.98 Hz) of (AdP)3Te2 (I-4d) for the 

isotopomer without any NMR active Te atoms.  

 
Figure 21: Expanded experimental 31P NMR spectrum (161.98 Hz) of (AdP)3Te2 (I-4d). 

The 31P NMR parameters (coupling constants, chemical shifts) of (AdP)3Te2 (I-4d) were 

excluded from the simulation of the 31P NMR spectrum using iterative fitting. The simulated 

and experimental spectra are consistent with the existence of three distinct phosphorus 

environments, derived from a cis, and trans positioning of the adamantyl ligands relative to 

each other (compare structure in Figure 18). 
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As depicted in Figure 21 satellites, which are derived from 125Te–P-couplings are visible in 

the 31P NMR spectrum of I-4d. Due to the unfavourable signal to noise ratio they were not 

assignable to reliable values for the 1J(P,Te). 

The resonance of the phosphorus atom between the two tellurium atoms in (AdP)3Te2 (I-4d) 

appears at 141.7 ppm revealing a 2J(P,P) value of 48.0 Hz to the phosphorus atom, where 

the substituents are in cis-formation and a 2J(P,P) of 6.0 Hz is observed to the one in trans-

formation. The other 31P NMR resonances of the two phosphorus atoms appear at 87.5 ppm 

with a 1J(P,P) of 345.0 Hz and a 2J(P,P) of 6.0 Hz as well as at 86.2 ppm (2J(P,P) = 48.0 Hz). 

The 1J(P,Te) and 125Te NMR data could not be precisely analysed due to the low thermal 

stability of (AdP)3Te2 (I-4d) and thus relatively bad signal to noise ratio within the NMR data. 

A single resonance at 78.5 ppm is observed in the 31P NMR spectrum of (Mes*OP)2Te (I-2e). 

The compound exhibits as observed for (AdP)2Te (I-2d) an A2X spin system and is shifted 

significantly to low field compared to those of (AdP)2Te (I-2d), presumably due to the 

electronegativity of the Mes*O substituent in I-2e. The tellurium satellites in the spectrum of I-
2e reveal a coupling constant 1J(P,Te) of 396.9 Hz which is quite large compared to 

(AdP)2Te (I-2d) or the reported derivatives by du Mont et al. (229 Hz),[113, 114] Tokitoh et al. 

(260 Hz)[121] or Karaghiosoff et al. (285.2 Hz).[116] The observations are consistent with the 

triplet resonance in the 125Te NMR spectrum of I-2e at 7.7 ppm, which exhibits a significant 

low field shift when compared to the other reported P2Te-systems and (AdP)2Te (I-2d). 

 
Figure 22: 31P NMR spectra (109.37 MHz) of (Mes*P)3Te3 (I-5f) (A, B) and (TrtP)3Te3 (I-5g) (C, D); A+C: A-part of 

the A2A’X spectra calculated by iterative fitting; B+D: experimental spectra. 
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The 31P NMR spectra of (Mes*P)3Te3 (I-5f) and (TrtP)3Te3 (I-5g) display singlets at 57.7 ppm 

((Mes*P)3Te3 (I-5f)) and 117.9 ppm ((TrtP)3Te3 (I-5g) ) with a characteristic pattern for the A-

part of an A2A’X-spectrum, shown in Figure 22. 

The coupling constants were calculated by iterative fitting of the simulated spectra depicted 

in A and C of Figure 22. The 1J(P,Te) values are rather large with −441.7 Hz ((Mes*P)3Te3 (I-
5f)) and −398.7 Hz (TrtP)3Te3 (I-5g) respectively (negative signs are derived from iterative 

fitting). The 2J(P,P) values were shown to be 325.0 Hz ((Mes*P)3Te3 (I-5f)) and 257.1 Hz 

(TrtP)3Te3 (I-5g), 3J(P,Te) could not be observed. The large 2J(P,P) value is presumably due 

to a correlating alignment of the free electron pairs at the phosphorus(III) atoms, which would 

be consistent with a chair-like conformation of the P3Te3 rings I-5 with the substituents on the 

phosphorus atoms in equatorial positions. 

This assumption was confirmed by a single crystal X-ray structure analysis of (TrtP)3Te3 (I-
5g). The 125Te NMR spectra are multiplets at 774.2 ppm ((Mes*P)3Te3 (I-5f)) and 598.9 ppm 

(TrtP)3Te3 (I-5g) consistent with the simulation of an A2A’X spin system (Figure 23). 

 
Figure 23: 125Te NMR spectra (85.24 MHz) of (Mes*P)3Te3 (I-5f) (A, B) and (TrtP)3Te3 (I-5g) (C, D). A+C: X-part 

of the A2A’X spectra calculated by iterative fitting, B+D: experimental spectra. 

The 31P NMR spectrum of telluratriphosphetane (TrtP)3Te (I-2g) shows two resonances, a 

doublet at 131.8 ppm and a triplet at 82.1 ppm. In comparison to (AdP)3Te (I-2d) a small 
1J(P,Te) coupling is visible at 72.2 Hz, in the form of satellites at the doublet. The 1J(P,P) 

value of 187.0 Hz is slightly larger than for (AdP)3Te (I-2g) (169.0 Hz) or the tBu-substituted 

derivative (I-2a) (172.6 Hz)[114] but smaller than those with CF3 substituents (248.7 Hz).[116] 
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C X-RAY STRUCTURES OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES  

Crystals of 2,3,4,5-tetra-ferrocenyl-1-tellura-2,3,4,5-tetra-phospholane (FcP)4Te (I-3c) were 

isolated from toluene at −40 °C as red prisms. The crystal structure of (FcP)4Te (I-3c) 

(Figure 24) reveals that the P4Te ring is non-planar with ferrocenyl groups alternating above 

and below the plane of the ring (all-trans conformation). The P–Te bond length of 2.503(6) Å 

is significantly shorter than the value of 2.565 Å reported for the PIII-Te single bond in the 

acyclic compound Te(PiPr)2
[132], but similar to that found for a cyclic tritelluride anchored by 

PV
2N2 rings (d(P–Te) = 2.532-2.540(1) Å).12 The P–P bond lengths of 2.188(8) Å and 

2.163(8) Å are slightly shorter than those in the related cyclopentaphosphane (FcP)5 (I-
8c).[129] 

 

Figure 24: A: X-ray crystal structure of (FcP)4Te (I-3c). B: packing along the a-axis. 
H atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–P1 2.503(6), P1–P2 2.188(8), P2–P2’ 

2.163(8), P1–C1 1.84(3), P2–C11 1.83(3); P1–Te1–P1 104.89(19), Te1–P1–P2 100.9(3), Te1–P1–C1 94.7(7), 

P1–P2–P2’ 111.2(3), P2–P1–C1 99.4(7), P2’–P2–C11 103.5(7).  

Single crystals of 2,3,4-tris-adamantyl-1-tellura-2,3,4-triphosphetane (AdP)3Te (I-2d) were 

isolated from THF after storing the decanted reaction mixture at −40 °C for about two weeks 

(Figure 24). Two independent molecules with similar structural parameters are present in the 

unit cell (Z = 8). The P–Te bond lengths of 2.502(2) to 2.516(2) Å are close to that found for 

(FcP)4Te (I-3c). However, the P–P bond lengths in (AdP)3Te (I-2d) are slightly longer than 

those in the corresponding cyclotetraphosphane (AdP)4 (I-7d, VI-3) [d(P–P) 2.2417(15)-

2.2423(15) Å].13 The four-membered P3Te-Ring is non-planar and the adamantyl ligands 

adopt an all-trans conformation (Figure 25). The ring shows a torsion angle of 161.6°, cf. 

151.7° in (AdP)4 (I-7d). 

                                                 
12 Discussed in chapter two. 
13 The structure is discussed in the chapter VI about related compounds. 
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Figure 25: X-ray crystal structure of (AdP)3Te (I-2d).14  

Hydrogen atoms omitted for clarity. Two distinct molecules within the unit cell (numbering scheme for the second 

independent molecule in parentheses): Selected bond lengths (Å) and angles (°): Te1–P3 2.502(2), Te1–P5 

2.516(2), Te2–P4 2.507(2), Te2–P6 2.509(2), P3–P7 2.224(3), P4–P8 2.224(3), P5–P7 2.226(3), P6–P8 2.227(3), 

P3–C41 1.867(8), P4–C11 1.873(8), P5–C31 1.874(8), P6–C21 1.874(8), P7–C55 1.881(8), P8–C1 1.878(8); P3–

Te1–P5 80.23(7), P4–Te2–P6 80.65(7), P7–P3–Te1 90.12(9), P8–P6–Te2 89.50(9), P7–P5–Te1 89.71(9), P8–

P4–Te2 89.59(9), P3–P7–P5 93.19(11), P4–P8–P6 93.64(11).[mentioned before in ref. 110] 

The P–P–P-angle of 93.19(12)° is the largest endocyclic angle in the molecule and 

demonstrates the distortion as a consequence of the Te incorporation when compared to the 

tetrakis-adamantyl-cyclotetraphosphane (I-7d, VI-3) (P–P–P 85.58(6)-87.10(6)°). The P–Te–

P-angle is 80° and thus the smallest angle within the ring system. As for (FcP)4Te (I-3c), no 

intermolecular Te···Te interactions are observed. 

Yellow crystals of (Mes*OP)2Te (I-1e) were isolated from a recrystallisation using n-hexane 

at −40 °C. The X-ray structure shown in Figure 26 reveals a three membered P2Te ring 

system with comparatively short P–Te distances of 2.4629(10)-2.4794(9) Å and a slightly 

longer P–P distance than observed in (FcP)4Te (I-3c) and (AdP)3Te (I-2d). The smallest 

angle within the ring system is as in (AdP)3Te (I-2d) the P–Te–P angle of 54.09(3)°. The 

Mes*O ligands at the phosphorus atoms are in a trans-position revealing an O–P–P–O 

torsion angle of 153.61°. 

 

                                                 
14 This X-ray crystal structure of I-2d was reported before by O. Schön within a dissertation.[110] For comparison and, after a 

collaboration with Karaghiosoff et al. it is added to this work and discussed in detail. 
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Figure 26: X-ray crystal structure of (Mes*OP)2Te (I-1e).  
H atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–P1 2.4794(9), Te1–P2 2.4629(10), P1–

P2 2.2473(10), P1–O1 1.6639(15), P2–O2 1.6675(17); P1–Te1–P2 54.09(3), Te1–P1–P2 62.58(3), Te1–P2–P1 

63.33(3), Te1–P1–O1 107.54(6), P2–P1–O1 101.36(6), Te1–P2–O2 106.42(7), P1–P2–O2 102.28(7). 

Excitingly, recrystallisation of (TrtP)3Te3 (I-5g) from THF yielded orange prisms of the first 

tritelluratriphosphorinane suitable for single crystal X-ray analysis. The structure and selected 

parameters are depicted in Figure 27. 

 

Figure 27: X-ray crystal structure of (TrtP)3Te3 (I-5g). 
H atoms and solvent molecules (four THF molecules per P3Te3 system, eight per unit cell) omitted for clarity. Two 

distinct molecules within the unit cell (numbering scheme for the second independent molecule in parentheses): 

Selected bond lengths (Å) and angles (°): Te1–P1 2.502(3), Te1–P2 2.488(3), Te2–P2 2.508(3), Te2–P3 

2.474(3), Te3–P1 2.482(3), Te3–P3 2.491(3), Te4–P4 2.482(3), Te4–P5 2.476(4), Te5–P5 2.492(4), Te5–P6 
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2.492(3), Te6–P4 2.498(3), Te6–P6 2.517(4), P–C 1.917(10)-1.938(12); P1–Te1–P2 83.41(9), P2–Te2–P3 

82.52(9), P1–Te3–P3 80.94(9), P4–Te4–P5 81.80(10), P5–Te5–P6 82.51(10), P4–Te6–P6 81.70(10), Te1–P1–

Te3 103.02(11), Te1–P2–Te2 104.45(11), Te2–P3–Te3 105.48(11), Te4–P4–Te6 105.67(11), Te4–P5–Te5 

102.15(12), Te5–P6–Te6 102.10(12), Te–P–C 101.0(4)-105.6(4).  

Two distinct molecules as well as eight THF solvent molecules are present in the unit cell. 

The P3Te3 ring crystallises in the chair conformation, where the bulky trityl ligands are able to 

take the sterically advantageous equatorial positions as shown in Figure 28 A. The only 

structure of a heavier chalcogen PIII
3Ch3 system in the literature is a P3S3 ring reported by 

Goldwhite et al.;[133] P3Se3 rings are unknown in the literature. The P3S3 system adopts a 

chair conformation in contrast to the few examples of PIII
3O3 systems e.g. (OPNPr'2)3 adopts 

a boat conformation,[134] whereas [OP(O(o-tBu)2p-Me)C6H2)]3 was observed in a twisted boat 

conformation.[135] 

The P–Te bond lengths of (TrtP)3Te3 (I-5g) range from 2.474(3) to 2.517(4) Å, similar to 

those in the structures of (FcP)4Te (I-3c), (AdP)3Te (I-2d) and (Mes*OP)2Te (I-1e). The P–

Te–P angles are between 80.94(9) and 82.52(9)° and are thus significantly smaller than the 

Te–P–Te angles of 102.10(12)-105.67(1)°. 

 

Figure 28: A: X-ray crystal structure of (TrtP)3Te3 (I-5g) showing the chair-like conformation and B: packing of 

(TrtP)3Te3 (I-5g) along the a-axis including the THF molecules (eight per unit cell), (purple=P, green=Te, red=O). 

The packing along the a-axis is depicted in Figure 28 B, showing that the sterically 

demanding trityl substituents shield the P3Te3 rings from each other so that no interactions 

between the phosphorus(III)-tellurium rings are possible. 
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D REACTIVITY OF ORGANOPHOSPHORUS(III)-TELLURIUM HETEROCYCLES  

A series of test reactions were performed to investigate the reactivity of 

organophosphorus(III)-tellurium heterocycles in comparison with the very limited information 

on metal complexes of the acyclic ligand Te(PR2)2.[85, 122, 123] Due to its facile synthesis in 

good yield (AdP)2Te (I-1d) was used as a model to investigate coordination behaviour as well 

as further inorganic chemistry. Unfortunately, the reactivity towards metal complexes like 

W(CO)5THF, Mo(CO)5C7H8, Pt(PPh3)2, PtCl2(Et2PCH2CH2PEt2), Mn(CO)5Br proved to be 

extremely unselective. Usually numerous compounds were formed that could not be clearly 

identified. Most of the products did not seem to contain tellurium as suggested by the 

absence of 125Te satellites in the 31P NMR spectra. Only the 31P NMR spectrum of the 

reaction with Pt(PPh3)2 yielded a rather interesting (indicative of more selective reactivity) 

NMR pattern, besides a huge amount of PPh3. Unfortunately, all crystallisation attempts as 

well as the characterisation by mass spectrometry failed.  

To check if organophosphorus(III)-tellurium heterocycles could be further oxidised to P(V)-

analogues (AdP)2Te (I-1d) was reacted with elemental tellurium in toluene as well as in THF 

at reflux conditions. In all reactions the (AdP)2Te (I-1d) remained unreacted. In contrast, 

treating (AdP)2Te (I-1d) with Se and S in boiling toluene resulted in a chalcogen-chalcogen 

exchange reaction. The mass spectra of the products showed that indeed (AdP)2Se (I-10d) 

and (AdP)2S (I-11d) were produced; the reaction with sulfur was more selective (only one 

product observed in the 31P NMR spectrum).15 Treatment of (AdP)2Te (I-1d) with a mild 

oxidation agent like iodine resulted in decomposition into a series of different phosphorus 

containing products that could not be identified. To test the reactivity of (AdP)2Te (I-1d) 
towards organic compounds, this monotelluride was reacted with o-phenylenediamine as 

well as with acetylferrocene; in both cases no reaction could be observed, even at reflux 

conditions. Noteworthy also is the stability of (AdP)2Te (I-1d) in methanol as well as water, 

where no reaction was observed. 

For complementary reasons (FcP)4Te (I-3c) was reacted with a series of coordination 

complexes as well as inorganic compounds. Thus, the reaction of (FcP)4Te (I-3c) with 

W(CO)5THF in THF did not show any evidence of the formation of an organophosphorus(III)-

tellurium heterocycle coordinated to a tungsten centre. The reaction of NOBF4 with (FcP)4Te 

(I-3c) in THF did not give any observable reaction, even at reflux conditions. 

                                                 
15 31P NMR (109.37 MHz, [D8]THF) δ [ppm] = 58.2 (s). 
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I.3 CONCLUSION AND FUTURE WORK 

The results presented in this chapter can be considered as a breakthrough within the 

synthesis and isolation of organophosphorus(III)-tellurium heterocycles. There is no doubt 

that more representatives of this family might be synthesised by using R-groups similar to 

those presented in this work. Especially the use of ROPCl2 compounds might lead to an 

extensive series of organophosphorus(III)-tellurium heterocycles. 

The heterocycles (Mes*OP)2Te (I-1e), (AdP)3Te (I-2d), (FcP)4Te (I-3c), (TrtP)3Te3 (I-5g) 

represent the first series (three-membered to six-membered ring systems) of structurally 

characterised organophosphorus(III)-tellurium heterocycles (Figure 29).  

    

Figure 29: The first series of crystallographically characterised P–Te-heterocycles. 

The reasonable thermal, air and light stability of most of the ring systems might facilitate 

further investigations of their reactivity and coordination chemistry, notably the ligand 

behaviour of (FcP)4Te (I-3c), (AdP)3Te (I-2d), (Mes*OP)2Te (I-1e) and (TrtP)3Te3 (I-5g). In 

addition to these systems several other organophosphorus(III)-tellurium heterocycles could 

be characterised by 31P and 125Te NMR spectroscopy. Specifically, (AdP)2Te (I-1d), (TrtP)3Te 

(I-2g), (PhP)4Te (I-3b), (AdP)3Te2 (I-4d) and (Mes*P)3Te3 (I-5f) were isolated and/or 

characterised.  

Additionally, the use of Na2Te2 in THF at low temperatures was found to be the most 

effective source of tellurium in the salt-elimination reactions and in the formation of 

organophosphorus(III)-tellurium heterocycles. 

However, the future chemistry in this area might be limited, even if new representatives can 

be prepared. To date, no evidence was found for the existence of heterocycles containing a 

P(V) centre or incorporating a –Te–Te– linkage. In particular, the isolation of a tellurium 

analogue of LR or WR containing both terminal P=Te and bridging P–Te bonds, seems 

unlikely. 

The work that went into this chapter partially contributed to the following publication: 

o A. Nordheider, T. Chivers, O. Schön, K. Karaghiosoff, K. S. Athukorala Arachchige, A. M. Z. Slawin, J. 

D. Woollins, Isolatable organophosphorus(III)-tellurium heterocycles, Chem. Eur. J. 2014, 20, 704-712. 
(see Collaboration Statement) 
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CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS 

SUPPORTED BY P2N2 RINGS 

 

The chemistry of cyclodiphosphazanes (P2N2) has a long tradition in different fields of 

inorganic chemistry. Chivers et al. have significantly contributed to their chalcogen chemistry, 

which will be extended in this chapter. Heterocycles as well as unusual P–E compounds (E = 

S, Se, Te) incorporating main group elements (E’ = main group element) stabilised by P2N2 

rings are presented. 
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II.1 INTRODUCTION 

A INTRODUCTION INTO CYCLODIPHOSPHAZANES – THE CHEMISTRY OF P2N2 RINGS 

Cyclodiphosphazanes as part of the cyclophosphazane group are saturated four-membered, 

planar P2N2 rings, that have attracted great interest from the inorganic chemistry 

community.[136, 137, 138, 139] They have been extensively used as building blocks in the 

synthesis of “cages, clusters and macrocycles with main group or transition metal 

spacers”[138] and as neutral or anionic ligands in coordination chemistry[139] with a wide range 

of applications.[138] 

The commonly used cis-[ClP(µ-NR)]2 systems are usually synthesised by the reaction of PCl3 

with primary amines (RNH2) and can be employed in nucleophilic substitution reactions.[140] 

Similarly, the important class of bis(amido)-λ3-cyclodiphosphazanes are isolated after the 

reaction of PCl3 with primary amines in a ratio of at least 1:5 to observe compounds with the 

formula cis-[R(H)NP(µ-NR)]2.[141, 142] The use of sterically demanding primary amines such as 

tBuNH2 or ArNH2 is necessary to obtain four-membered systems, whereas methyl- or 

ethylamines favour larger rings like tetramers and trimers.[143] Dianionic 

cyclodiphosph(III/III)azanes can be isolated from the neutral species by the addition of nBuLi 

or (nBu)2Mg causing deprotonation.[141b] 

Furthermore, the bis(amido)-λ5-cyclodiphosphazanes (PV/PV analogues) used extensively in 

this work are readily available by the oxidation of bis(amido)-λ3-cyclodiphosphazanes using 

H2O2, elemental sulfur or selenium.[140] 

B ANIONIC PNP-SUPPORTED PHOSPHORUS-CHALCOGEN COMPOUNDS 

Acyclic dichalcogenidoimidodiphosphinate anions (PNPs) have a long ongoing history in 

main group chemistry that dates back to the 1960s.[144] Since their chalcogen-centred 

chemistry is closely related to that of bis(amido)cyclodiphosphazanes covered in this work, a 

short introduction to the chemistry of these acyclic systems is given. The acyclic 

dichalcogenidoimidodiphosphinate anions are well known as ligands in coordination 

chemistry and the extensive work related to this topic has been covered in several 

reviews.[145] PNPs were shown to be useful for various applications such as metallocyclic 

complexes, which serve as lanthanide shift reagents or luminescent materials as well as in 

metal extraction processes. Furthermore, these compounds could be used as molecular 

precursors of thin films of semi-conducting metal selenides or to generate quantum 

dots.[45, 50, 53] The synthesis of the anionic reagents is usually achieved by the deprotonation 

of a preliminary formed dichalcogenido compound and subsequent treatment with metal 

bases like sodium hydride or butyllithium (Scheme 14).[45, 50, 53] 
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Scheme 14: Synthesis of alkali metal salts of dichalcogenidoimidodiphosphinate anions.[45, 50, 53] 
 

In the case of the tellurium analogues the nucleophilicity of the phosphorus centre has to be 

enhanced prior to the oxidation with tellurium. This was achieved by a metallation first 

approach as presented in the right hand side of Scheme 14.[45] Mixed chalcogen derivatives 

of these acyclic systems are also known and three synthetic procedures have been 

investigated (Scheme 15).[146] It was found that the third (bottom) route in Scheme 15 is the 

method of choice to obtain them in high purity. 

 

Scheme 15: Synthetic routes to mixed dichalcogenidoimidodiphosphinates.[146] 

C DIANIONIC BIS(TERT-BUTYLAMINO)CYCLODIPHOSPH(III/III)AZANES AND THEIR 

 CHALCOGEN DERIVATIVES 

Especially the synthesis, cluster structures and coordination chemistry of the aforementioned 

dianionic bis(tert-butylamino)cyclodiphosph(III/III)azane dianion [tBuNP(µ-NtBu)2PNtBu)]2− 

has been extensively studied in the past two decades, especially by Stahl et al.[139, 141b, 147]  

 
Scheme 16: 1) Dianionic bis(tert-butylamino)cyclodiphosph(III/III)azane; 2) Synthesis of the lithium derivative.[141b] 
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The chemistry of heavier chalcogen derivatives (S, Se, Te) was mainly investigated by 

Chivers et al. who have significantly contributed to their developments in inorganic 

chemistry.[148, 149, 150] The dianionic representatives cyclodiphosph(V/V)azane disulfide and 

diselenide were first isolated by reacting the elemental chalcogen with the neutral compound 

and subsequent deprotonation using two equivalents of a base like NaN(SiMe3)2 or 

KN(SiMe3)2 (Scheme 17).[148, 149, 150, 151] 

 
Scheme 17: Synthesis of alkali metal salts of bis(tert-butylamino)cyclodiphosp(V/V)azane dichalcogenide 

dianions.[148, 149, 150] 

This led to the first alkali-metal derivatives of a dianionic bis(amido)cyclodiphosp(V/V)azane, 

substituted with the heavier chalcogens sulfur and selenium [M(THF)2]2[tBuN(E)P(µ-

NtBu)2P(E)NtBu)] (M = Li, K, Na; E = S, Se).[148, 149, 150]  

However, in attempts to form the lithium salt of the neutral selenium derivative with 

alkyllithium derivatives as the deprotonating reagents an unexpected deselenation occurred 

to give the monolithiated complex [Li(THF)][tBuN(Se)P(µ-NtBu)2PN(H)tBu)].[150] This 

monoanionic monoselenide [tBuN(Se)P(µ-NtBu)2PN(H)tBu)]− can also be isolated as its 

potassium salt by the reaction of KOtBu with the neutral monoselenide [tBu(H)N(Se)P(µ-

NtBu)2PN(H)tBu] (Scheme 18, right hand side). The neutral monoselenide is available by a 

comproportionation reaction of the diselenide system [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] 

and the neutral ligand [tBuN(H)P(µ-NtBu)2PN(H)tBu)] or by the monoselenation (using one 

equivalent of elemental selenium) of [tBuN(H)P(µ-NtBu)2PN(H)tBu)] (Scheme 18, left hand 

side).[152]  

 
Scheme 18: Formation of a monoselenide and subsequent deprotonation to yield the monoanionic ligand.[152] 

The monoanions as well as the dianions can be used as ligands in metal complexes as, for 

example, shown for nickel in the isolation of {Ni[tBuN(Se)P(µ-NtBu)2PN(H)tBu]2}.[152] 
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In 2002 Chivers et al. reported the synthesis and structural characterisation of alkali-metal 

derivatives of two anionic ligands each of which contained two terminal P–Te functionalities, 

[Na(TMEDA)][Te(PPh2N)2] and [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2] (Figure 30).[48]  

 

Figure 30: Alkali-metal salts of compounds with terminal P–Te functionalities.[48] 

The dianionic ditellurido derivative [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2] has to be prepared in 

a slightly different way than its selenium and sulfur analogues.[150] The neutral 

bis(phosphanetelluride) [tBuNH(Te)P(µ-NtBu)2P(Te)N(H)tBu)], which would be the result of 

the reaction of [tBuNHP(µ-NtBu)2PN(H)tBu)] with elemental tellurium, is not stable and 

cannot be isolated or detected in solution. Thus, the ditellurido dianion was synthesised via 

the metallation-telluration sequence depicted in Scheme 19.[48] 

 
Scheme 19: Synthesis of a dianionic tellurium precursor for novel tellurium systems.[48, 141b] 

[Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2] is a moisture-sensitive yellow compound and to date it is 

the only reported example of a stable [tBuN(Te)P(µ-NtBu)2PN(Te)tBu)]2− system. 

Furthermore, in contrast to the acyclic PNP-analogues mixed chalcogen representatives for 

the cyclic dianions [tBuN(E)P(µ-NtBu)2PN(E’)tBu)]2− (E ≠ E’ = S, Se, Te) are unknown. 

D REACTIVITY OF ANIONIC PNP AND P2N2 SYSTEMS 

As mentioned above, the reactivity of the metal salts of dichalcogenidoimidodiphosphinate 

(PNPs) anions was extensively investigated.[45, 50, 53] Thus, the mild one-electron oxidation of 

the monoanion [Na(TMEDA)][Te(PR2N)2] (R = iPr, tBu) with 0.5 equivalent of I2 was shown to 

produce an unusual ditelluride, which can be seen as the dimer of a corresponding neutral 

radical (Scheme 20).[49, 153]  

This approach was further developed to obtain different dichalcogenido compounds with E–E 

linkages, that show elongation when compared to usual E–E bonds.[45, 50] 
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Scheme 20: Synthesis of unusual dichalcogenides by one-electron oxidation.[49, 153] 

In some cases instead of these dichalcogenides, spirocyclic contact ion pairs were found as 

depicted in Figure 31.[50] These systems were also obtained by reacting sodium salts of the 

monoanions [(TMEDA)NaN(PR2E)2] (E = S, Se; R = iPr, tBu) with the cyclic cation 

[N(PR2Te)2]+I− (R = iPr, tBu).[154] 

 
Figure 31: Spirocyclic contact ion pairs, formed instead of dichalcogenides.[50, 154] 

Based on the fact that E–E’ (E ≠ E’ = S, Se, Te) bonds were found in different investigations, 

DFT calculations were performed, showing that the formation of Te–Te-bonded dimers in 

cationic systems of the formula (EPiPr2NPiPr2Te–)2 (E = S, Se) is energetically more 

favourable than the structural isomers involving E–Te or E–E bonds (E = S, Se).[51, 155, 156] 

The reaction of the monoanions [N(PR2E)2]− (E = S, Se; R = iPr, tBu) with one equivalent of 

iodine, representing a two-electron oxidation yielded cyclic monocationic systems as shown 

in Scheme 21.[51] Furthermore, the synthesis of cations with mixed E–E’ (E, E’ = S, Se, Te) 

linkages by oxidation of a lithium salt of the mixed chalcogen imidodiphosphinate anions was 

reported (Scheme 21).[155] 

 

Scheme 21: Synthesis of cyclic monocations and mixed dichalcogenidoimidodiphosphinate cations.[51, 155] 

Reactions with [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2], the only tellurium derivative of the P2N2 

ring systems, have not been reported to date. In contrast the selenium and sulfur derivatives 

[tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = S, Se) and the monoanions [tBuN(E)P(µ-

NtBu)2P(E)NHtBu)]− (E = S, Se) were subject to investigations regarding their coordination 
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chemistry.[148, 149, 150] In terms of main group element chemistry this was limited to reactions 

with tellurium sources (e.g. TeCl4, Scheme 22).[148, 157] 

 

Scheme 22: P2N2-supported chalcogen tellurium complexes.[157] 

 

The coordination chemistry of these anionic ligands is covered in the introduction and 

subsequent discussion in chapter IV. 

E OBJECTIVES 

In contrast to the deeply investigated acyclic anion [Na(TMEDA)][Te(PPh2N)2][45] the 

dianionic cyclodiphosphazane [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2][48] (P-1) has not been 

used as a precursor material, mainly due to its difficult synthesis in low yield. The main 

objective of this project was to utilise [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2] (P-1) as a starting 

material and to complement this reagent by preparing derivatives with other metal 

counterions like Na+. The investigation firstly focused on the reactions of these dianionic 

systems with main group elements (chapter II) and was afterwards extended to macrocycles 

(chapter III) and metallocycles (chapter IV).  

As mentioned above [Na(TMEDA)][Te(PPh2N)2][45] is a monoanionic system whereas 

[Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2][48] (P-1) is dianionic, which is expected to change the 

chemistry of these systems. Nevertheless, the isolation and complete characterisation of 

acyclic phosphorus-ditelluride systems and related cyclic cations indicates the potential of 

these kinds of compounds, especially when compared to other systems containing 

phosphorus-tellurium bonds (cf. General Introduction).[45]  

The results of the project were expected to complement and extend the chemistry of PNPs 

and should provide a rich source of information for a deeper investigation of the phosphorus-

tellurium bond. 
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II.2 RESULTS AND DISCUSSION 

A A NEW P2N2-SUPPORTED PRECURSOR COMPOUND FOR Te-CHEMISTRY 

With a view to use a new versatile reagent for the development of P2N2-based tellurium 

chemistry the sodium salt of the dianionic bis(tert-butylamido)cyclodiphosph(III/III)azane was 

synthesised by the reaction of bis(tert-butylamino)cyclodiphosph(III/III)azane [tBu(H)NP(µ-

NtBu)2PN(H)tBu)] with one molar equivalent of nBuNa in toluene (Scheme 23). 

 
Scheme 23: Synthesis of the disodium salt of dianionic bis(tert-butylamido)cyclodiphosph(III/III)-azane. 

nBuNa was used for the sodiation reaction since the deprotonation of [tBuN(H)P(µ-

NtBu)2PN(H)tBu)] with NaN(SiMe3)2 or NaH were not successful, as reported for similar 

compounds before, for example by Hull et al.[158] In contrast to NaN(SiMe3)2 or NaH the 

basicity of the nBuNa is high enough to deprotonate the cyclodiphosph(III/III)azane to yield 

the novel disodium derivative of [tBuNP(µ-NtBu)2PNtBu)]2− in good yield. Recrystallisation of 

Na4[P2(µ-NtBu)2(NtBu)2]2 (II-1) from n-hexane yielded large colourless crystals, which were 

suitable for X-ray analysis (Figure 32). 

 

Figure 32: X-ray crystal structure of Na4[P2(µ-NtBu)2(NtBu)2]2 (II-1). 

Hydrogen atoms rotational and a rotational disorder of tBu groups (as well as carbon atoms in the figure on the 

right side) are omitted for clarity. Selected bond lengths (Å): Na1–N4 2.350(8), Na1–N8 2.350(8), Na1–N1 

2.801(7), Na1–N6 2.849(7), Na1–Na4 3.104(5), Na1–Na2 3.109(5), Na1–P2 3.170(4), Na1–P4 3.208(4), Na2–N7 

2.346(7), Na2–N4 2.348(7), Na2–N2 2.766(7), Na2–N6 2.860(8), Na2–P2 3.166(4), Na2–P3 3.203(4), P1–N3 

1.637(8), P1–N2 1.768(7), P1–N1 1.792(7), P2–N4 1.640(7), P2–N2 1.790(7), P2–N1 1.793(7); Bond angles (°): 
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N4–Na1–N8 155.9(3), N4–Na1–N1 64.4(2), N8–Na1–N1 105.5(3), N4–Na1–N6 102.9(2), N8–Na1–N6 63.1(2), 

N1–Na1–N6 123.4(2), N4–Na1–P2 30.17(18), N8–Na1–P2 136.1(2), N1–Na1–P2 34.24(15), N6–Na1–P2 

116.75(18), Na4–Na1–P2 88.33(12), N4–Na1–P4 134.2(2), P2–Na1–P4 134.89(13). 

As illustrated in Figure 32 the sodium salt II-1 appears as a dimeric cluster compound with 

two dianionic cyclodiphosph(III/III)azane molecules coordinated around four sodium atoms. 

The asymmetric unit contains two distinct [Na4{P2{µ-N-tBu}2{N-tBu}2}2] molecules and two n-

hexane molecules. Furthermore, two disordered solvent n-hexane molecules were removed 

from the diffraction data with SQUEEZE. SQUEEZE estimated the electron count in the void 

is 445. This value is closely related to the eight n-hexane molecules (432) in the cell. 

Previous investigations on homo- and heterodimetallic geminal dianions derived from the 

bis(phosphane-imine) {Ph2P(NSiMe3)}2CH2 showed similar symmetrical structures as that 

shown for II-1 in Figure 32.[159] Similar to the dianionic carbon-metal octahedral Na4 core in 

[({Ph2P(NSiMe3)}2CNa2)2] reported before,[159] the homometallic complex [Na4{P2{µ-

NtBu}2{NtBu}2}2] (II-1) is a dimer in which two P2N2 rings are connected to a square planar 

Na4 core via the four exocyclic tBuN groups. The two puckered P2N2 rings are twisted by ca. 

90° with respect to each other. The tetrasodium core in II-1 exhibits two short bonds to 

exocyclic NtBu nitrogens (ca. 2.35 Å) and two long bonds to endocyclic P2N2 nitrogens 

(~2.75-2.85 Å). The repulsion of the Na+ atoms is presumably overcome by the favourable 

ligand positioning and energy gain by packing effects, resulting in the formation of the 

unusual Na4 core. 

The 31P NMR spectrum of [Na4{P2{µ-NtBu}2{NtBu}2}2] (II-1), which was measured in 

[d8]toluene, consists of a singlet at 136.5 ppm, cf. 159.6 ppm for the Li2-derivative of the 

same dianion measured in [d6]benzene.[141b] The 1H NMR spectrum exhibits two sharp 

resonances at 1.36 and 1.27 ppm attributable to the hydrogen atoms of the exo and endo 

tBu groups (cf. 1.55 and 1.49 ppm for the dilithium analogue).[141b] Due to the ionic properties 

of the structure, the NMR resonances might be solvent as well as concentration dependent. 
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B TRANSFORMATION OF I-1 TO A TELLURIUM DERIVATIVE 

For simplification in the discussion of the following systems a numbering scheme is 

introduced. The main tellurium starting materials are [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2][48] 

(P-1) and [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (P-2, II-2, vide infra). Furthermore, 

the frequently used selenium analogue [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-3) 

and the selenium analogue [Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) are introduced 

(Figure 33). 

 

Figure 33: Numbering scheme for the main starting materials used in chapter II, III and IV. 

[Na4{P2{µ-NtBu}2{NtBu}2}2] (II-1) was used to form the new tellurium starting material 

[Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2). Compound II-2 was isolated after 

reacting [Na4{P2{µ-NtBu}2{NtBu}2}2] (II-1) in the presence of TMEDA with Te powder, 

following the metallation-first approach used in the formation of the related 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1, P = precursor).16 The reaction was 

performed in dry toluene at 80 °C (Scheme 24).  

 
Scheme 24: Synthesis of [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2). 

Crystals of II-2 suitable for an analysis by single crystal X-ray crystallography were obtained 

by recrystallisation from n-hexane at −30 °C. The molecular structure of II-2 is illustrated in 

Figure 34. 

                                                 
16 Compounds that are frequently used in this thesis will be assigned a number beginning with the letter „P“, which stands for 

“precursor“. 

PP N N
N

tBuN

tBu

tBu

Te Te
Li

Li

(TMEDA)

(TMEDA)

tBu

PP N

NtBu

N

tBuN

tBu

tBu

Te Te
Na

(TMEDA)

Na
(TMEDA)

PP N

NtBu

N

tBuN

tBu

tBu

Se Se
Na

Na

(THF)2

(THF)2

PP N

NtBu

N

tBuN

tBu

tBu

S S
Na

Na

(THF)2

(THF)2

P-2, II-2 P-3 P-4P-1

PP N N
N

N

tBu

tBu

(Na+)4

2

tBu tBu PP N

NtBu

N

tBuN

tBu

tBu

Te Te
Na

(TMEDA)

Na
(TMEDA)

toluene, 3 h, 80 °C

2 Te

II-2II-1



CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS 

 57 

 

Figure 34: X-ray structure of [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2). 

tert-Butyl groups and hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Te1–P1 2.418(2), 

Te1–Na2 3.047(4), Te2–P2 2.422(2), Te2–Na2 3.049(3), Na1–N3 2.484(7), Na1–N4 2.506(7), Na1–N6 2.607(8), 

Na1–N5 2.750(9), Na1–P1 3.270(4), Na1–P2 3.275(4), Na2–N7 2.451(8), Na2–N8 2.492(8), P1–N3 1.576(7), 

P1–N1 1.697(7), P1–N2 1.717(6), P1–P2 2.578(3), P2–N4 1.566(7), P2–N1 1.709(6), P2–N2 1.719(7); angles (°): 

P1–Te1–Na2 80.41(8), P2–Te2–Na2 80.35(8), N3–Na1–N4 101.2(2), N3–Na1–N6 112.9(3), N4–Na1–N6 

125.2(3), N3–Na1–N5 123.3(3), N4–Na1–N5 121.5(3), N6–Na1–N5 72.6(3), N3–Na1–P1 27.73(16), N4–Na1–P1 

73.89(17), N6–Na1–P1 126.8(2), N5–Na1–P1 145.3(2), N3–Na1–P2 73.94(18), N4–Na1–P2 27.56(16), N6–Na1–

P2 134.8(2), N5–Na1–P2 143.3(2), P1–Na1–P2 46.39(7), N7–Na2–N8 76.5(3), N7–Na2–Te1 118.7(2), N8–Na2–

Te1 105.2(2), N7–Na2–Te2 109.4(2), N8–Na2–Te2 110.5(2), Te1–Na2–Te2 125.12(12), N3–P1–N1 111.8(4), 

N3–P1–N2 111.8(4), N1–P1–N2 81.7(3), N3–P1–Te1 120.6(3), N1–P1–Te1 112.5(3), N2–P1–Te1 111.9(3), N3–

P1–Na1 47.2(3), N1–P1–Na1 73.0(3), N2–P1–Na1 80.8(2), Te1–P1–Na1 166.42(10), N4–P2–N1 110.7(4), N4–

P2–N2 114.0(4), N1–P2–N2 81.3(3), N4–P2–Te2 119.7(3), N1–P2–Te2 113.9(3) N2–P2–Te2 111.0(2), N4–P2–

Na1 47.8(2), N1–P2–Na1 72.8(3), N2–P2–Na1 80.7(2), Te2–P2–Na1 166.92(10). 

Figure 34 shows the monomeric unit of the disodium salt II-2 with four-coordinated sodium 

cations, both solvated by TMEDA molecules. As a consequence of the chelation mode (N,N’) 

the tBu groups are positioned exo to the cyclodiphosphazane ring. 

In contrast to the lithium analogue [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (A in 

Figure 35) in which the dianionic ligand is coordinated to the Li+ cations asymmetrically 

(Te,Te′ and N,Te chelation),[48] the sodium salt [Na(TMEDA)]2[tBuN(Te)P(µ-

NtBu)2P(Te)NtBu] (II-2) (B) adopts a symmetrical structure (Te,Te′ and N,N′ coordination).[150] 

Thus, [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2) is isostructural to the selenium (C) 

and sulfur (D) derivatives as shown in Figure 35.[150]  



CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS 

 58 

 

Figure 35: Structures of different derivatives of the dianion [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = Te, Se, S). 

The mean P–Te distance of 2.420(2) Å in [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-

2) is shorter by ca. 0.03 Å than that involving the two-coordinate Te in 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (d(P–Te = 2.4515(8) Å and 2.4243(7) Å).[48] 

Consistently, the 1J(P,Te) coupling constant of 1590 Hz for [Na(TMEDA)]2[tBuN(Te)P(µ-

NtBu)2P(Te)NtBu] (II-2) is substantially larger than the values of 1309 and 1467 Hz found for 

the lithium analogue.[48] The 31P resonance for [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] 

(II-2) itself is a singlet at −74.9 ppm with satellites that appear as doublets revealing a 2J(P,P) 

of 29.6 Hz. Furthermore, a doublet is observed in the 125Te NMR spectrum of 

[Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2) at −148.7 ppm, cf. −289 and −87 ppm for 

the inequivalent Te environments in [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)].[48] 

The packing of the [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2) molecules is 

characterised by pairs of alternating molecules, where two pairs are directed to one direction 

as shown in Figure 36. 

 

Figure 36: Packing of II-2 along the a, b and c axis (colour scheme: N:blue, P:purple, Te:green, Na:orange). 
 

No intermolecular interactions involving Na, P or Te atoms could be observed. 

 

 

PP N N
N

tBuN

tBu

tBu

Te Te
Li

Li

(TMEDA)

(TMEDA)

tBu

PP N

NtBu

N

tBuN

tBu

tBu

Te Te
Na

(TMEDA)

Na
(TMEDA)

PP N

NtBu

N

tBuN

tBu

tBu

Se Se
Na

Na

(THF)2

(THF)2

PP N

NtBu

N

tBuN

tBu

tBu

S S
Na

Na

(THF)2

(THF)2

A B C D



CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS 

 59 

C PREPARATION OF A DIANIONIC MIXED-Te,Se SPECIES SUPPORTED BY P2N2 RINGS 

To synthesise a mixed Te,Se derivative of [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-

2) a similar synthetic approach to that for II-2 was used. The reaction of the sodium salt of 

the dianion [tBuNP(µ-NtBu)2PNtBu)]2− with one equivalent of tellurium and subsequently with 

one equivalent of selenium in the presence of TMEDA yielded a mixture of different 

structures with the overall formula [Na(TMEDA)]2[tBuN(E)P(µ-NtBu)2P(E’)NtBu] (E = Se, Te, 

E’ = Se, Te). 

The products are the disodium salts of the diselenide, ditelluride as well as a compound, 

which can be assigned to the mixed dichalcogenide [Na(TMEDA)]2[tBuN(Se)P(µ-

NtBu)2P(Te)NtBu] (II-3) using 31P NMR spectroscopy (Scheme 25). The integrals of the 31P 

NMR spectrum show a relative yield of 59 % of the mixed Te,Se derivative compared to 

24 % and 17 % for the Se,Se and Te,Te systems, respectively. 

 

Scheme 25: Synthesis of a mixed dichalcogenide compound and the by-products. 
 

Numerous attempts to isolate and crystallise the mixed Te,Se compound failed owing to the 

similar solubilities of the three products. 

A different approach to synthesise [tBuN(Te)P(µ-NtBu)2P(Se)NtBu]2− by generating the 

monoselenide first, subsequent metallation with n-butyllithium followed by an addition of 

tellurium powder, failed. In this case only the dilithium diselenide and starting material were 

observed, no compound involving tellurium was detected.  

Attempts to oxidise the PIII centre of a potassium derivative of a cyclodiphosph(III/V)azane 

monoselenide (Figure 37 A)[152] with tellurium, led to a redox disproportionation to give the 

PIII/PIII compound [tBuN(H)P(µ-NtBu)2PN(H)tBu)] (Figure 37 B), a PV/PV complex 

[K(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)] (Figure 37 C) and a mixed PIII/PV complex 

involving a protonation (Figure 37 D). 
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Figure 37: Products of an alternative route to the mixed dichalcogenide [tBuN(Te)P(µ-NtBu)2P(Se)NtBu]2−.[148, 149] 

Since an X-ray structure of [Na(TMEDA)]2[tBuN(Se)P(µ-NtBu)2P(Te)NtBu] (II-3) could not be 

obtained, the mixture of the dichalcogenide compounds was analysed by 31P, 77Se and 125Te 

NMR spectroscopy (Table 3).  

Table 3: NMR data of the Mixed Compound in Comparison with the Se and Te derivative. 

Parameters Se,Se Se,Te (II-3) Te,Te 

1JPSe/Te [Hz] 
677 

 

681 (P,Se) 

1580 (PTe) 

 

1599 

1JSe/TeP [Hz] 
666 

 

681 (P,Se) 

1577 (P,Te) 

 

1580 

δ 31P [ppm] 
3.5 (s) 

 

2.8 (d) 

−70.9 (d) 

 

−73.0 (s) 

2JPP [Hz] - 15 - 

δ 77Se/ 125Te [ppm] 
−21.3 (d) 

 

−16.3 (d, 77Se) 

−155.4 (d, 125Te) 

 

−148.7 (d) 

The NMR parameters for the Se,Se derivative were mainly reported before with THF 

molecules coordinating to the Na+ instead of TMEDA;[150] the Te,Te derivative was discussed 

above. Comparison of the 31P, 77Se and 125Te NMR data of the three compounds provides a 

strong confirmation of the formation of the desired Se,Te compound 

[Na(TMEDA)]2[tBuN(Se)P(µ-NtBu)2P(Te)NtBu]. The 31P NMR spectrum of the latter shows 

two doublets at 2.8 and −70.9 ppm attributable to the phosphorus atoms connected to the Se 

and Te atoms, respectively. The doublets arise from the two chemically inequivalent 

phosphorus centres with a 2J(P,P) of 15 Hz. The resonances in the 31P NMR spectrum are 

accompanied by 77Se (1J(P,Se) = 681 Hz) or 125Te (1J(P,Te) = 1580 Hz) satellites, 

respectively.  
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As shown in Table 3 the NMR chemical shifts of the phosphorus and chalcogen atoms in the 
31P, 77Se and 125Te NMR spectra of the Se,Te derivative are very similar to those of its Se,Se 

and Te,Te analogues, thus confirming the existence of the Se,Te derivative. The 31P NMR 

spectrum of the mixture is depicted in Figure 38 to illustrate the different resonances, 

including satellites and product distribution. 

 

Figure 38: 31P NMR spectrum of the mixture containing [Na(TMEDA)]2[tBuN(E)P(µ-NtBu)2P(E’)NtBu] with A: E = 

E’ = Se; B: E = Se, E’ = Te and C: E = E’ = Te. I. Enlarged area of resonances; II. Complete 31P NMR spectrum. 
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D P2N2-STABILISED MAIN-GROUP-ELEMENT-TELLURIUM HETEROCYCLES AND THEIR 

 CHALCOGEN ANALOGUES 

The dilithium derivative [Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2][48] (P-1) and the newly 

synthesised [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2, P-2) were used in a 

widespread investigation of the reactions of these reagents with main group element halides. 

This resulted in the formation of numerous new heterocycles of the general formula 

[(tBuNP(µ-NtBu)2PNtBu)(µ-TeE(Rn)Te)] (E = main group element, R = alkyl or aryl group, n = 

1 or 2). Additionally, for comparison a series of Se and S analogues was synthesised and 

investigated, using [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu][150] (P-3) for the selenium 

analogues and [Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu][151] (P-4) for the sulfur systems, 

respectively. 

Especially in the reaction of the selenium (P-3) and sulfur (P-4) derivatives the protonated 

neutral by-products [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] (BP-1, BP = by-product) and 

[tBu(H)N(S)P(µ-NtBu)2P(S)N(H)tBu] (BP-2) were found (Figure 39). 

 

Figure 39: Numbering scheme for the by-products, observed in numerous reactions with the analogues P-3 and 

P-4.  

In earlier investigations the formation of these diprotonated products was proposed to be a 

result of a radical process.[157] Thus, semi-empirical MO calculations of the model system 

[Me(H)N(S)P(µ-NMe)2P(S)NMe]• indicate a nitrogen-based SOMO (spin population at 

nitrogen = 0.957) instead of the formation of a sulfur-based radical (valid, as sulfur-based 

radicals would also form S–S bonds).[157] These nitrogen-based radicals rapidly abstract 

hydrogen atoms from the solvent to form the by-products BP-1 and BP-2. This assumption 

was confirmed by EPR studies of the reaction of Li[tBuN(S)P(µ-NtBu)2P(S)N(H)tBu] with 

TeCl4 and the formation of BP-2.[157] Studies in chapter III confirm that the hydrogen 

abstraction process can be slowed down by using benzene instead of THF or toluene to 

support the desired formation of S–S bonds. 
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REACTIONS OF [{EP(NtBu)(µ-NtBu)}2]2− (E = Se, Te) WITH I2 AND GROUP 16 HALIDES 

Treatment of the novel [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (P-2) with the mild 

oxidation reagent I2 resulted in the formation of a dark red-black solid that was characterised 

as a cyclic tritelluride [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) (Scheme 26 A). Similar results 

were obtained from the reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (P-1) with I2. 

 
Scheme 26: Two reaction pathways to form [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 

Higher yields (41 %) of this tritelluride were obtained by the use of TeCl2•TMTU[283] in toluene 

in a metathetical reaction (Scheme 26 B).  

Black crystals of the cyclic tritelluride [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) suitable for an X-

ray crystal structure analysis were obtained by crystallisation 

from pentane at −30 °C. As shown in Figure 40, the 

molecular structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] is 

comprised of a tritelluride ligand bridging a PV
2N2 ring. II-4 is a 

rare example of a cyclic tritelluride, the only other 

representative being the SnIV complex [ArSn(µ-Te)2(µ-

TeTeTe)SnAr] (Ar = 2,6-bis(2,4,6-tri-isopropylphenyl)phenyl, 

see structure on the right, A).[160]  

 
Figure 40: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) 
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Hydrogen atoms are omitted for clarity. Selected bond lengths (Å): Te1–P1 2.5317(10), Te1–Te3 2.7155(4), Te2–

P2 2.5405(10), Te2–Te3 2.7158(4), P1–N1 1.508(3), P1–N2 1.691(3), P1–N3 1.694(3), P2–N4 1.507(4), P2–N2 

1.679(3), P2–N3 1.692(3), N1–C1 1.459(5), N2–C5 1.483(5), N3–C9 1.481(5) N4–C13 1.448(5); angles (°): P1–

Te1–Te3 95.63(2), P2–Te2–Te3 96.06(3), Te1–Te3–Te2 104.500(14), N1–P1–N2 119.06(19), N1–P1–N3 

119.91(18), N2–P1–N3 83.48(16), N1–P1–Te1 118.07(14), N2–P1–Te1 104.18(12), N3–P1–Te1 106.28(12), N4–

P2–N2 118.40(19), N4–P2–N3 120.7(2), N2–P2–N3 83.91(16), N4–P2–P1 130.85(15), N2–P2–P1 41.88(11), 

N3–P2–P1 42.04(11), N4–P2–Te2 119.25(15), N2–P2–Te2 102.47(12), N3–P2–Te2 105.62(12). 

Further structurally characterised acyclic tritellurides incorporate either bulky substituents 

RTeTeTeR (R = C(SiMe3)3, Figure 41, B)[161] or intramolecular N···Te coordination (C: 2-

pyridyl-C6H5,[162] D: 8-Me2NC10H7
[163]); the thermally unstable dication [tBu3PTeTeTePtBu3]2+ 

has also been identified (Figure 41, E).[63]  

 

Figure 41: Known structures of tritellurides.[63, 161, 162, 163] 

The mean Te–Te bond length of 2.716(1) Å and Te–Te–Te bond angle of 104.50(1)° in 

[(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) are comparable to the corresponding values of 

2.705(2) Å and 104.02(5)° found for [ArSn(µ-Te)2(µ-TeTeTe)SnAr][160] or with other 

tritellurides (Figure 41). The P–Te bond length of 2.536(1) Å is notably longer (by ca. 0.12 Å) 

than the mean value in [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2, P-2) indicating a 

weak P–Te bond in [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). A P–Te bond distance of 

2.6045(11) Å with 1J(P,Te) = 780 Hz has been reported for the tricyclohexylphosphane 

adduct of a 1,2,5-telluradiazolium cation.[65] 

 
Figure 42: Illustration of the mean Te2–Te1–P2–P1–N4–N1 plane of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 

The Te3 atom distance from the mean Te2–Te1–P2–P1–N4–N1 plane of [(tBuNP(µ-

NtBu)2PNtBu)(µ-Te3)] (II-4) is 1.218 Å and the P2N2 ring is exactly perpendicular to this plane 

(Figure 42). 
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The heterocycle [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) is one of the first structurally 

characterised neutral P–Te rings, although the cation [N(PiPr2Te)2]+ embodying a five-

membered NPV
2Te2 ring is known.[51, 164] The packing of the tritelluride along the three space 

axes is depicted in Figure 43, revealing an intermolecular interaction between the tellurium 

atoms. 

            
Figure 43: Packing of II-4 along the a, b and c axis (colour scheme: N:blue, P:purple, Te:green C:grey). 

As illustrated in Figure 44 the tellurium atoms of the µ-tritelluride fragments are linked to 

each other via short intermolecular Te···Te distances between two central Te3 atoms of 

3.856 Å.  

 
Figure 44: Interactions within the supramolecular structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 

The distance between a Te1 atom to a central tellurium atom (Te3) of another molecule is 

3.930 Å, which is also shorter than the sum of the van der Waals radii of two tellurium 

(4.12 Å) atoms.[81] This could explain the quite high stability of the compound in the solid 

state. In contrast, slow decomposition is observed in solution (pentane, n-hexane, n-heptane, 

toluene, benzene and THF were tested) with the release of elemental tellurium. 

Consistent with the long P–Te bond length, the 1J(P,Te) coupling of 1029 Hz observed in 

both the 31P and 125Te NMR spectra of [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) in [D8]toluene is 

among the lowest reported for PV–Te compounds. The 31P NMR spectrum exhibits a 2 x 

AA’X pattern (Natural Abundance of 125Te = 7.07 %, the phosphorus atoms are in ~14 % of 

the cases magnetically inequivalent), giving one singlet at −134.5 ppm accompanied by a 
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doublet of 125Te satellites revealing a 2J(P,P) of 31 Hz, a 2J(P,Te) of 34 Hz besides the 

aforementioned 1J(P,Te) of 1029 Hz (Figure 45 A).  

The 125Te NMR spectrum of II-4 as illustrated in Figure 45 B is comprised of a well-

separated pseudo-doublet of doublets at 442.8 ppm (1J(Te,P) = 1031 Hz, 3J(Te,P) = 41 Hz), 

and a pseudo-triplet centred at 361.9 ppm (2J(Te,P) = 35 Hz); these resonances are 

assigned to the equivalent pair of tellurium atoms Te1, Te2 and the unique tellurium centre 

Te3, respectively (Figure 40). Furthermore, the 125Te NMR spectrum reveals a 125Te-123Te 

coupling of 1254 Hz. 

 
Figure 45: A: 31P NMR spectrum ([D8]toluene, 162.00 MHz) and B: 125Te NMR spectrum (126.05 MHz) of 

[(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). 

In attempts to remove one tellurium from the tritelluride system as previously reported for 

other tritellurides (Scheme 27)[161] the cyclic tritelluride II-4 was treated with A) mercury and 

B) with tricyclophosphane.  

 

Scheme 27: Transformation reactions of chalcogen linkages as presented by Sladky et al.[161] 

In both reactions no resonances in the 31P NMR spectrum of the product were observed that 

would have indicated the formation of the desired ditelluride system. 
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In a similar manner as the tritelluride II-4 was produced using TeCl2•TMTU, the treatment of 

[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)] (P-3) with selenium chloride (Se2Cl2) yielded an 

unusual cyclic tetraselenide bridged by a bis(tert-butylimido)cyclodiphosph(V/V)azane 

([(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5)) as depicted in Scheme 28. 

 

Scheme 28: Formation of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5). 

Observed by-products in this reaction are the macrocycle [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 

(III-1), which is discussed in chapter III and the hydrogen abstraction product 

[tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] (BP-1). The tetraselenide II-5 was also formed by 

reacting [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)] (P-3) with an excess of I2 as well as by 

the reaction of the trimer [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with 1.5 eq. of I2. 

Pale orange crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) suitable for single crystal X-ray 

analysis were observed after the second recrystallisation from n-hexane. The by-product 

[tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] (BP-1) shows a higher tendency to crystallise and can 

thus be removed by fractional crystallisation. The molecular structure of II-5 is depicted in 

Figure 46.  

 

Figure 46: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5). 
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Hydrogen atoms bonded to carbon atoms are omitted for clarity. Selected bond lengths (Å): Se1–Se3 2.3371(19), 

Se2–Se4 2.3317(19), Se3–Se4 2.321(2), P1–Se1 2.280(3), P2–Se2 2.275(3), P1–N3 1.503(10), P1–N2 

1.686(10), P1–N1 1.698(9), P2–N4 1.494(10), P2–N1 1.685(9), P2–N2 1.694(10); angles (°): N3–P1–N2 

117.0(5), N3–P1–N1 123.0(5), N2–P1–N1 84.1(5), N3–P1–Se1 112.8(4), N2–P1–Se1 108.2(4), N1–P1–Se1 

108.0(3), N4–P2–N1 116.6(5), N4–P2–N2 122.9(5), N1–P2–N2 84.2(5), N4–P2–Se2 113.3(4), N1–P2–Se2 

108.2(3), N2–P2–Se2 107.9(4), P1–Se1–Se3 103.68(10), P2–Se2–Se4 104.65(10), Se4–Se3–Se1 103.20(7), 

Se3–Se4–Se2 103.41(7), P2–N1–P1 95.3(5), P1–N2–P2 95.4(5). 

To the best of our knowledge X-ray crystal structures of main group supported cyclic 

tetraselenides are unknown and II-5 is the first structure reported with a P–Se–Se–Se–Se–P 

scaffold. A series of organic cyclic tetraselenides of mannose were described previously.[165] 

Usually, Se4-linkages are used as ligands in metal complexes (e.g. [Ir(Se4)(dmpe)2]+).[166] The 

Se–Se bond distances reported in this example are between 2.251(7) and 2.340(3) Å, thus 

similar to the Se–Se bond length in [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) (2.3317(19)-

2.3371(19) Å). The difference between the Se–Se bond closest to the metal and the central 

Se–Se bond is about 0.05 Å for the Ir complex, whereas the difference in [(tBuNP(µ-

NtBu)2PNtBu)(µ-Se4)] (II-5) is only 0.01 Å, suggesting a different charge distribution. Similar 

Se–Se bond distances can be found in comparable Pd and Pt complexes.[167] 

The Se–Se–Se bond angles in Ir(Se4)(dmpe)2]+ of 97.5(1)° and 101.4(2)° are slightly smaller 

than those in the novel tetraselenide II-5 (103.41(7)° and 103.20(7)°), presumably because of 

the different coordination modes (one centre vs. two centre coordination).[166] 

In contrast to the cyclic tritelluride II-4 the tetraselenide does not show any intermolecular 

chalcogen-chalcogen interactions as illustrated by the packing schemes in Figure 47. 

       
Figure 47: Packing of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) along the a, b and c axis. 

The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) reveals a single resonance 

at −50.8 ppm with a set of satellites giving a 1J(P,Se) of 524 Hz and a 2J(P,P) of 10 Hz. The 
2J(P,Se) could not be observed and is probably hidden under the singlet. Two resonances 

are apparent in the 77Se NMR spectrum, a triplet at 673.0 ppm revealing the 2J(Se,P) of 

20 Hz and a doublet of doublets showing the 1J(Se,P) coupling of 524 Hz and a 3J(Se,P) 

coupling of 6 Hz. 
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Following the synthesis of the cyclic tetraselenide II-5 the ditellurido dianion 

[Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2][48] (P-1) was reacted similarly with Se2Cl2 in toluene at 

−78 °C. This gave a diverse product scheme as observed by 31P NMR spectroscopy; three of 

these products could be isolated and characterised by X-ray analysis (Scheme 29). 

 

Scheme 29: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with Se2Cl2 in toluene. 

Crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) suitable for single crystal X-ray 

analysis were isolated after recrystallisation from n-hexane at −40 °C. The structure as 

illustrated in Figure 48 shows a similar motif as the related tetraselenide [(tBuNP(µ-

NtBu)2PNtBu)(µ-Se4)] (II-5) discussed above.  

 
Figure 48: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Se1 2.4919(18), Te1–P1 

2.483(3), Te2–Se2 2.5356(17), Te2–P2 2.501(3), Se1–Se2 2.391(2), P1–N1 1.502(10), P1–N3 1.688(9), P1–N4 

1.701(9), P2–N2 1.504(9), P2–N3 1.698(10), P2–N4 1.699(9); Se1–Te1–P1 104.20(8), Se2–Te2–P2 101.64(8), 

Te1–Se1–Se2 102.88(7), Te2–Se2–Se1 101.47(7), Te1–P1–N1 113.3(4), Te1–P1–N3 108.1(3), Te1–P1–N4 

107.7(3), N1–P1–N3 122.5(5), N1–P1–N4 117.7(5), N3–P1–N4 83.5(5), Te2–P2–N2 113.7(4), Te2–P2–N3 

108.9(4), Te2–P2–N4 107.1(3), N2–P2–N3 116.9(5), N2–P2–N4 123.0(5), N3–P2–N4 83.3(5). 
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Similarly to the tetraselenide II-5, the [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) is the first 

example of a structurally characterised P–Te–Se–Se–Te–P linkage. The mixed chalcogen 

linkage Te–Se–Se–Te was described before by Sladky et al. in the formation of acyclic Tsi–

Te–Se–Se–Te–Tsi (Tsi = C(SiMe3)3)[161] as well as in the structural characterisation of the 

cationic chalcogen clusters [Te2Se8]2+ and [Te2Se6]2+.[168] 

Notable bond distances in [Te2Se8]2+ are d(Te–Se) = 2.563(2)-2.576(2) Å and d(Se–Se) = 

2.285(2)-2.295(3) Å, very similar to the ones observed in the [Te2Se6]2+ from the mixed 

[Te2Se6]2+ [Te2Se6]2+ cluster.[184] In II-6 the Te–Se distances are significantly shorter (between 

2.4919(18) and 2.5356(17) Å), whereas the Se–Se distance of 2.391(2) Å are significantly 

elongated compared to those in [Te2Se8]2+. Similar Te–Se distances of 2.5306(5) Å or 

2.5233(6) Å and d(Se–Se) of 2.3500(6) Å are found in trichalcogenaheterocycles,[169] or more 

diverted Te–Se bond lengths in [NEt4]2[Te3Se7] (2.498(2)-2.552(2) Å) with Se–Se bond 

lengths up to 2.363(2) Å. The Te–Se–Se angles in the Te–Se–Se–Te linkage of [Te2Se8]2+ 

range between 101.36(8) and 102.98°, cf. 101.47(7)-102.88(7)° in II-6.  

From the same reaction discussed above, a co-crystal of [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeSe2Te)] (II-6) and [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSeTe)] (II-7) was found after crystallisation 

in n-hexane at −40 °C (Figure 49). 

 

Figure 49: X-ray structure of the co-crystalline [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) and [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7). 

Hydrogen atoms omitted for clarity. The X-ray structure is of very poor quality. Selected bond lengths (Å) and 

angles (°): Te1–Se1 2.480(5), Te1–P1 2.466(7), Te2–Se2 2.237(8), Te2–P2 2.483(8), Te21–Se21 2.510(5), 

Te21–P21 2.525(8), Te22–Se21 2.570(5), Te22–P22 2.499(8), Se1–Se2 2.352(8), P1–N1 1.49(3), P1–N3 

1.75(3), P1–N4 1.72(3), P2–N2 1.52(3), P2–N3 1.71(3), P2–N4 1.69(3), P21–N21 1.45(3), P21–N23 1.72(2), 

P21–N24 1.69(3), P22–N22 1.55(3), P22–N23 1.69(3), P22–N24 1.68(3); Se1–Te1–P1 100.2(2), Se2–Te2–P2 

108.1(3), Se21–Te21–P21 97.33(19), Se21–Te22–P22 96.6(2), Te1–Se1–Se2 98.8(3), Te2–Se2–Se1 93.5(3), 

Te21–Se21–Te22 105.47(16), Te1–P1–N1 116.8(9), Te1–P1–N3 107.3(9), Te1–P1–N4 107.3(8), N1–P1–N3 
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116.7(12), N1–P1–N4 120.3(11), N3–P1–N4 83.3(11), Te2–P2–N2 115.4(9), Te2–P2–N3 106.1(9), Te2–P2–N4 

108.7(8), N2–P2–N3 120.0(12), N2–P2–N4 117.2(12), N3–P2–N4 85.2(11), Te21–P21–N21 119.2(10), Te21–

P21–N23 102.0(8), Te21–P21–N24 105.5(8), N21–P21–N23 118.0(13), N21–P21–N24 121.7(13), N23–P21–N24 

83.8(11), Te22–P22–N22 117.4(11), Te22–P22–N23 103.8(8), Te22–P22–N24 106.0(8), N22–P22–N23 

119.0(13), N22–P22–N24 120.5(13), N23–P22–N24 84.9(12). 

The structural parameters for the tetrachalcogenide [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] 

part (II-6) are mainly comparable to the previously discussed independent molecule (cf. 

Figure 48). The differences are due to the poor quality of the structural solution of the co-

crystal. However, the P–Te bond distances for the trichalcogenide [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7) are significantly longer (2.525(8) and 2.499(8) Å) when 

compared to those in the tetrachalcogenide II-6 (2.466(7) and 2.483(8) Å). In contrast the 

Te–Se bond lengths of II-7 are elongated (2.510(5) and 2.570(5) Å) in comparison with the 

values of 2.480(5) and 2.237(8) Å observed for the derivative with two Se atoms (II-6) 

between the tellurium atoms. 

 

Figure 50: Structural comparison of the different polychalcogen heterocycles. 

Figure 50 illustrates the four different environments for the P2N2-supported polychalcogen 

heterocycles. As shown the TeSeTe-species (II-7) and the Te3-system (II-4) are very 

comparable to each other as the Se4-scaffold in II-5 and the TeSe2Te-formation in II-6 are. 

The 31P NMR data suggest that the structural composition of the compound has a significant 

impact on its NMR characteristics. The assignment of the NMR resonances in the 31P NMR 

spectrum is not trivial since it was not possible to isolate a significant amount of crystals from 

the mixture to measure one of the polychalcogenides individually. However, the earlier 

discussed correlation of the P–Te bond length to its 1J value strongly supports the 

assignments listed in Table 4. The 77Se and 125Te NMR data further strengthen these 

conclusions. 

The resonance in the 31P NMR spectrum that can be assigned to the [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7) species appears at −121.0 ppm as a singlet accompanied by 

a doublet of 125Te satellites as well as 77Se satellites. These satellites reveal a 1J(P,Te) of 

1025 Hz, which is comparable to that observed for the Te3-system II-4 (1J(P,Te) = 1029 Hz), 

a 2J(P,P) of 23 Hz and a 2J(P,Se) of 29 Hz. The X-ray parameters for the trichalcogenide II-7 
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in the co-crystalline material exhibit P–Te bond lengths of 2.499(8)-2.525(8) Å, cf. 

2.5317(10)-2.5405(10) Å for the corresponding bond lengths in the tritelluride II-4.  

Table 4: Comparison of X-ray and NMR parameters for the P2N2-supported polychalcogenides II-4-II-7. 

 Te1Se3Te2 

II-7 

Te1Te3Te2 

II-4 

Se1Se3Se4Se2 

II-5 

Te1Se3Se4Te2 

II-6 

d(P1–E1) [Å] 2.499(8) 2.5317(10) 2.280(3) 2.483(3) or 2.466(7) 

d(P2–E2) [Å] 2.525(8) 2.5405(10) 2.275(3) 2.501(3) or 2.483(8) 

∠  exo-N–P1–E1 [°] 119.2(10) 118.07(14) 112.8(4) 113.3(4) or 116.8(9) 

∠  endo-N–P1–E1 [°] 105.5(8) 106.28(12) 108.0(3) 107.7(3) or 107.3(9) 

∠  endo-N–P1–E1 [°] 102.0(8) 104.18(12) 108.2(4) 108.1(3) or 107.3(8) 

∠  P1–E1–E2 [°] 97.33(19) 95.63(2) 103.68(10) 104.20(8) or 100.2(2) 

d(E1–E3) [Å] 2.510(5) 2.7155(4) 2.3371(19) 2.4919(18) or 2.480(5) 

δ 31P NMR [ppm] −121.0 −134.5 −50.8 −68.6 

1J(P,E) [Hz] 1025 1029 524 1287 

2J(P,E) [Hz] 29 34 10 14 

δ 77Se NMR [ppm] 240.9 (t) - 673.0 (t) 

336.7 (dd) 

465.6 (t) 

δ 125Te NMR [ppm] 870.3 (dd) 442.8 (dd) 

361.9 (t) 

- 711.6 (dd) 

The values in grey are from the co-crystalline material. 

The 77Se NMR spectrum of II-7 reveals a strong triplet at 240.9 ppm and the 125Te NMR 

spectrum shows a resonance at 870.3 ppm appearing as a doublet of doublets (3J(Te,P) = 

34 Hz). 

The P–Te bond distances in [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) are slightly 

elongated when compared to [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSeTe)] (II-7). The P–Te bond 

distances of 2.501(3)-2.483(3) Å (2.466(7)-2.483(8) Å in the co-crystal) result in an increase 

in the 1J(P,Te) value to 1287 Hz (1025 Hz for the Se1 analogue II-7).  

The resonance for II-6 in the 31P NMR spectrum can be observed at −68.6 ppm, which is 

closer to that obtained for the tetraselenide II-5 (−50.8 ppm), than to [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7) (−121.0 ppm). Thus, it appears that the structural similarity 

has a stronger influence on the chemical shift than the actual difference of the chalcogens 

(Se vs. Te) in these examples. The observed 2J(P,Se) of 14 Hz was confirmed by the 77Se 

signal at 465.6 ppm, which is found as a triplet, similar to that observed for the Se3/Se4 

atoms in the tetraselenide II-5 (673.0 ppm). The 125Te NMR spectrum of II-6 confirms the P–
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Te coupling by showing a doublet of doublets at 711.6 ppm, which further reveals a 3J(P,Te) 

of 42 Hz. 

Additionally, signals for the tritelluride [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) (Table 4) are 

found in the 31P NMR data of the mixture as well as resonances for the diprotonated 

compound [tBuHN(Se)P(µ-NtBu)2P(Se)NHtBu)] (BP-1).[150] The formation of the tritelluride II-

4 can be understood to be a result of an oxidation process (similar to that observed in the 

treatment of the starting material P-1 or P-2 with I2). The formation of [tBuHN(Se)P(µ-

NtBu)2P(Se)NHtBu)] (BP-1) may result from a decomposition of the precursor (P-1) to the 

PIII/PIII system [tBuHNP(µ-NtBu)2PNHtBu)] with release of tellurium and a subsequent 

oxidation with elemental selenium. 

Furthermore, crystals of a dimeric N,Se-chelated tellurium complex (BP-3) were found in the 

mixture. The structure was reported before where it was synthesised by the reaction of the 

lithium salt of [tBuHN(Se)P(µ-NtBu)2P(Se)NtBu)]− and four equivalents of TeCl4.[157] Crystals 

were isolated from the same reaction as for [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) and 

[(tBuNP(µ-NtBu)2PNtBu)(µ-TeSeTe)] (II-7) (Scheme 29). The molecular structure is depicted 

in Figure 51 and shows structural parameters similar to those reported before.[157]  

 
Figure 51: X-ray structure of [(tBu(H)N(Se)P(µ-NtBu)2P(Se)tBuN)]2(µ-N,Se-Te) (BP-3).17 

Hydrogen atoms are omitted for clarity (N2 is protonated). Selected bond lengths (Å) and bond angles (°): Te1–

Se1 2.6418(17), Te1–Se1 2.6418(17), Te1–N1 2.569(13), Te1–N1 2.569(13), Se1–P1 2.184(4), Se2–P2 

2.086(4), P1–N1 1.546(13), P1–N3 1.695(9), P1–N3 1.695(9), P2–N2 1.659(14), P2–N3 1.699(9), P2–N3 

1.699(9), N1–C1 1.47(2), N2–C4 1.53(2), N3–C8 1.485(15); Se1–Te1–Se1’ 82.59(6), Se1–Te1–N1’ 151.6(3), 

Se1–Te1–N1 69.0(3), N1–Te1–N1’ 139.3(4), Te1–Se1–P1 84.92(11), Se1–P1–N1 103.4(5), Se1–P1–N3 

112.9(3), Se1–P1–N3 112.9(3), Se2–P2–N3 119.9(3), N1–P1–N3 121.9(4), N2–P2–N3 107.3(5). 

NMR resonances could not be reliably assigned to this molecule, a problem that also 

appeared to be present for the published example.[157] However, the relative ratios of the 

resonances in the 31P NMR spectrum of the mixture suggest that it is a very minor product. 

                                                 
17 The crystal structure was reported before by Chivers et al. after reacting [tBuNH(Se)P(µ-NtBu)2P(Se)NtBu)]− and four 

equivalents of TeCl4.[157] 
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REACTIONS OF [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) WITH GROUP 15 HALIDES 

Reactions of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) with RPCl2 (R = Ad, tBu) 

yielded novel organophosphorus(III)-tellurium heterocycles stabilised by P2N2 systems as 

illustrated in Scheme 30. 

 

Scheme 30: Reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with AdPCl2 and tBuPCl2 in toluene. 
 

The treatment of dichlorophosphanes RPCl2 (R = Ad, tBu) with [Li(TMEDA)]2[tBuN(Te)P(µ-

NtBu)2P(Te)NtBu)][48] (P-1) in toluene at −78 °C produced [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeP(Ad)Te)] (II-8a) as orange platelets and [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b) 

as orange prisms, respectively. 

Crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a) suitable for single crystal X-ray 

crystallography were isolated after recrystallisation from n-hexane at low temperatures. The 

molecular structure of II-8a is illustrated in Figure 52. 

 

Figure 52: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a). 
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H atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–P1 2.512(3), Te1–P2 2.508(3), P1–N1 

1.503(9), P1–N2 1.689(7), P1–N3 1.701(8), P2–C11 1.897(6); P1–Te1–P2 91.51(10), Te1–P1–N1 118.5(4), Te1–

P1–N2 103.9(4), Te1–P1–N3 105.0(5), Te1–P2–Te1’ 108.81(16), P1–N2–P1’ 96.5(5), P1–N3–P1’ 95.6(6). 

As depicted in Figure 52 the structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a) 

contains a Te–PIII–Te unit bridging a PV
2N2 ring cf. the derivatives 1,3-Te2(PR)3 (R = tBu, CF3, 

Ad), which have been tentatively identified by NMR spectroscopy.[114, 116], 18 The P–Te bond 

lengths in [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a) [d(PV1–Te1) = 2.512(3) Å; d(PIII2–

Te1) = 2.508(3) Å] are equal within experimental error, despite the difference in oxidation 

states of these phosphorus atoms. The distance of the P2 atom from the mean P1–P1’–Te1–

Te1’–N1–N1’ plane (Figure 53) is 1.268 Å, the P2N2 ring system is exactly perpendicular to 

this plane.  

 

Figure 53: Illustration of the mean Te1–Te1–P1–P1–N1–N1 plane of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-

8a). 

Furthermore, the Te1–P2–Te1’ angle is 108.81(16)° which is slightly larger than that 

observed for the tritelluride [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) [Te1–Te3–Te2 

104.500(14)°]. 

The X-ray structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b), which was isolated 

after recrystallisation from n-hexane at −40 °C, showed a disordered tBu-group (Figure 
54).19  

The compounds [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a) and [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b) show significant structural similarities and are the first 

examples of organophosphorus-tellurium heterocycles incorporating phosphorus atoms in 

the oxidation states +III and +V. The P–Te bond distance in II-8b is with 2.489(3) Å slightly 

shorter when compared to II-8a (2.512(3) Å), a difference which may be due to the poor 

quality of the crystal structure of II-8b. 

                                                 
18 The Ad derivative (I-4d) and the NMR spectrum of the tBu analogue (I-4a) are discussed in chapter I. 
19 The disorder of tBu groups seems to be inherent within these systems. We observed the same disorder for the selenium 

analogue [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b) and a selenium derivative with an As(Et)-fragment instead of the 

P(tBu)-group (II-15). 
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Figure 54: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)](II-8b).* 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–P1 2.489(3), Te1–P2* 

2.424(6)-2.387(6), P1–N1 1.515(9), P1–N2 1.689(9), P1–N2’ 1.688(9); P1–Te1–P2* 97.81(15)-97.75(15), Te1–

P1–N1 116.9(4), Te1–P1–N2 104.4(4), Te1–P1–N2’ 106.0(4), Te1–P2*–Te1’ 115.0(3), P1–N2–P1’ 96.6(5). *the 

phosphorus atom P2 is disordered, the bond lengths and angles are thus not reliable. 

The 31P NMR spectra of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a) (Figure 55 A) and 

[(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b) are both characterised by an A2M spin 

system (with the 125Te-containing isotopomer it expands to an AA’MX type spectrum, where 

the isochronus P1 and P1’ nuclei become magnetically inequivalent), showing a triplet at 

89.5 ppm (II-8a) (93.9 ppm for II-8b) and a doublet at −129.0 ppm (II-8a) (−129.6 ppm for II-
8b).  

 
Figure 55: A: Resonances in the 31P NMR spectrum and B: 125Te NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeP(Ad)Te)] (II-8a). 

Interestingly, the one-bond P–Te coupling constants involving P2 and P1 differ remarkably, 
1J(P2,Te) = 420 (II-8a), 418 Hz (II-8b) in comparison to 1J(P1,Te) = 1073 (II-8a) and 1073 Hz 
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(II-8b), despite the close similarity of the P–Te bond lengths (vide infra). The disparity in 1J 

values is likely attributable to the difference in formal oxidation states of the two phosphorus 

atoms; the low value for the former is consistent with those found for PIII–Te compounds (cf. 

General Introduction; chapter I)[113, 114, 115, 116, 121, 108, 110] whereas values > 1,000 Hz are 

observed for ditelluro derivatives of the PNP and PV
2N2 ring (chapter II).[45, 48, 49] 

The occurrence of a triplet attributable to the PIII centre is due to the coupling with the two 

equivalent PV atoms, 2J(PIII,PV) = 8.3 Hz (8.1 Hz for the tBu derivative II-8b). Similarly the 

doublet for the PV atoms is a consequence of the coupling (2J(PV,PIII)) to the PIII atom. These 

coupling constants can also be determined from the satellite composition. 

The 125Te NMR spectra (for II-8a Figure 55 B) displayed a doublet of doublets of doublets 

centred at 368.5 ppm (II-8a), 423.4 ppm (II-8b) with 1J(P,Te) values that corroborate those 

found in the 31P NMR spectra. 

In our attempts to expand the series of phosphorus-tellurium heterocycles we reacted 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with FcPCl2. Instead of the isolation of a 

compound isostructural to the tBu- and Ad-derivatives we isolated an unusual tritelluride that 

must be a result of a rearrangement process. The 31P NMR spectrum shows a series of 

different signals for various products, whose existence limited the isolation of a pure product 

to a few crystals, which were obtained from n-hexane at −40 °C and investigated by X-ray 

analysis. The compound was identified as [{tBuN(H)PIII(µ-NtBu)2PIIIN(tBu)PIII(Fc)}2(µ-Te3)] (II-

9) (Figure 56). 

 

Figure 56: Structural representation of [{tBuN(H)PIII(µ-NtBu)2PIIIN(tBu)PIII(Fc)}2(µ-Te3)] (II-9). 

As illustrated in Figure 57 this product is comprised of a tritelluride unit bridging two P2N2 

rings in which all phosphorus atoms are in the oxidation state +III. The Te–Te bond distance 

is 2.704(2) Å, cf. 2.716(1) Å in [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4). The P–Te bond length 

in this centrosymmetric molecule is 2.522(5) Å, cf. 2.536(1) Å for the cyclic tritelluride II-4 or 

2.512(3) and 2.508(3) Å) for [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(Ad)Te)] (II-8a). 

P

P
N

N

N

NHtButBu

tBu

tBu
PP

tBu

tBu

tButBuHN

N

N

N
P

P

Fc
Te Te

Fc

Te

II-9



CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS 

 78 

 

Figure 57: X-ray crystal structure of [{tBuN(H)PIII(µ-NtBu)2PIIIN(tBu)PIII(Fc)}2(µ-Te3)] (II-9). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Te2 2.704(2), Te1–P1 

2.522(5), P1–N1 1.722(13), P1–C1 1.834(16), P2–N1 1.743(13), P2–N3 1.698(13), P2–N4 1.727(13), P3–N2 

1.647(14), P3–N3 1.772(13), P3–N4 1.732(13); Te2–Te1–P1 92.66(11), Te1–Te2–Te1’ 100.92(7), Te1–P1–N1 

106.4(5), Te1–P1–C1 101.5(6), N1–P1–C1 107.6(7), N1–P2–N3 105.8(6), N1–P2–N4 106.8(6), N3–P2–N4 

82.1(6), N2–P3–N3 106.5(7), N2–P3–N4 107.1(7), N3–P3–N4 79.8(6), P1–N1–P2 114.6(7), P1–N1–C11 

128.8(10), P2–N1–C11 116.6(10), P3–N2–C15 126.9(11), P2–N3–P3 97.3(6), P2–N3–C19 126.3(11), P3–N3–

C19 118.9(10), P2–N4–P3 97.7(6), P2–N4–C23 124.1(10), P3–N4–C23 124.3(10). 

The Te1–Te2–Te1’ angle is 100.92(7)°, very similar to the one reported for bis(2-(2-

pyridyl)phenyl)tritelluride (100.4(1)°; cf. Figure 41, C)[162], which is among the smallest Te–

Te–Te angles observed for tritellurides. 

Similarly to the reactions with [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) the 

dichlorophosphanes RPCl2 were reacted with [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)] 

(P-3), which yielded the analogous PIII-containing selenium heterocycles (Scheme 31). 

 

Scheme 31: Synthesis of the selenium derivatives [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(R)Se)]. 
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Crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b) suitable for analysis by X-ray 

crystallography were isolated after recrystallisation from n-hexane at −40 °C. The crystal 

structure with the same disorder as the tellurium derivative II-8b is illustrated in Figure 58. 

 
Figure 58: X-ray structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b). 

Hydrogen atoms omitted for clarity. The phosphorus atom is disordered over two positions, the phosphorus bond 

lengths incorporating P2 are thus not reliable. Furthermore, the tBu-group shows the same disorder as the 

tellurium derivative II-8b. Selected bond lengths (Å) and angles (o): Se1–P1 2.2685(19), Se1–P2 2.210(4), Se1–

P2’ 2.184(4), P1–N1 1.503(6), P1–N2 1.683(6), P1–N2’ 1.688(6), P2–C9 1.869(10), N1–C1 1.454(10), N2–C5 

1.499(9); P1–Se1–P2 99.17(11), P1–Se1–P2’ 100.02(11), Se1–P1–N1 117.1(2), Se1–P1–N2 105.3(2), Se1–P1–

N2’ 103.8(2), N1–P1–N2 120.2(3), N1–P1–N2’ 121.3(3), N2–P1–N2’ 83.6(3), Se1–P2–Se1 115.78(17), Se1–P2–

C9 103.32(18), P1–N1–C1 143.1(5), P1–N2–P1’ 96.1(3). 

The structure of the phosphorus-selenium heterocycle [(tBuNP(µ-NtBu)2PNtBu)(µ-

SeP(tBu)Se)] (II-10b) is isostructural to that of the tellurium analogue [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b) and exhibits the same displacement of the central PIII 

atom as well as the disorder of the tBu group attached to this phosphorus atom. Because of 

these disorders the PIII–Se values cannot reliably discussed. However, the PV–Se bond 

lengths of 2.2685(19) Å are representative for P–Se single bonds and comparable with 

literature examples, e.g. 2.276(2) Å for WR [Ph(Se)P-µ-Se]2.[104g] 

As observed for the tellurium derivative the 31P NMR and 77Se NMR spectra of [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a) show specific characteristics that facilitate the 

identification of this class of compounds (Figure 59). The same NMR splitting pattern was 

observed for the tBu derivative [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b). 
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Figure 59: 31P NMR (A) and 77Se NMR (B) spectra of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a). 

For [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a) the 31P NMR resonance at 132.0 ppm 

with satellites revealing a 1J(P,Se) of 231.8 Hz can be assigned to the P2 atom between the 

two selenium atoms. The second signal (for P1) is visible at −76.8 ppm and shows a doublet 

of satellites giving a 1J(P,Se) of 449.0 Hz as well as a large 2J(P,P) of 58.0 Hz. The 

difference in the 1J(P,Se) values between P2 and P1 is, as observed for the tellurium 

compounds (II-8a and II-8b), mainly due to the different oxidation states of the two atoms (P2 

is +III, P1 is +V). The 77Se NMR spectrum reveals a doublet of doublets of doublets that is 

centred at 226.5 ppm with the two aforementioned P–Se couplings as well as a 3J(Se,P) of 

15.6 Hz (Figure 59). The NMR data for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b) is 

very similar to that of the adamantyl derivative II-10a with 31P NMR resonances at 139.6 ppm 

(1J(P,Se) = 234.1 Hz) and −78.0 ppm (1J(P,Se) = 447.3 Hz and 2J(P,P) of 58.0 Hz). The 

resonance in the 77Se NMR spectrum is observed at 256.0 ppm revealing a 3J(Se,P) of 

19.6 Hz. 

To complete the series of organophosphorus(III)-systems we also reacted the sulfur 

derivative [tBuN(S)P(µ-NtBu)2P(S)NtBu)]2− with dichlorophosphanes. In contrast to the 

selenium and tellurium analogues the major product was not the S,S-chelated complex, 

instead an unsymmetrical S,N-coordinated system with three distinct phosphorus 

environments was formed (II-11a-c). The expected symmetrical [(tBuNP(µ-NtBu)2PNtBu)(µ-

SP(R)S)] species (II-12a-c) were only obtained in a yield of < 5 % (Scheme 32). 

Thus, the capture of the RPIII unit between the N and S atoms is favoured over S,S-chelation 

for the sulfur system. The characterisation of these complexes was based on mass 

spectrometry and 31P NMR spectroscopy. Redissolving the mixture in THF resulted in the 

decomposition of [(tBu(H)N(S)P(µ-NtBu)2P(µ-NtBuP(R)S)] (II-11a-c) into the protonated 

species [(tBu(H)N(S)P(µ-NtBu)2P(S)N(H)tBu)] (BP-2), whereas resonances for the 
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[(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] systems (II-12a-c) could still be observed in the 31P 

NMR spectra. 

 

Scheme 32: Formation of [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] (II-12) and [(tBu(H)N(S)P(µ-NtBu)2P(µ-

NtBuP(R)S)] (II-11). 

The 31P NMR signals for [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(NiPr2)S)] (II-12c) were found to be at 

139.4 ppm appearing as a triplet for the PIII atom and at −57.7 ppm as a doublet for the PV 

centres. In comparison to the tellurium derivatives (Ad (II-8a) and tBu (II-8b) as substituents 

at the PIII) the 2J(P,P) value is about 4 Hz smaller. As for the analogous selenium compounds 

(with Ad (II-12a) and tBu (II-12b) as substituents at the PIII atom) no P–P couplings were 

visible in the main resonances of the Ad and tBu derivatives (resonances in Table 5), which 

is presumably due to its low value. 

Table 5: 31P NMR chemical shifts (ppm) and 2J(P,P) (Hz) for [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] (II-12a-c) and 

[(tBu(H)N(S)P(µ-NtBu)2P(µ-NtBuP(R)S)] (II-11a-c). 

 Ad tBu N(iPr)2 

[(tBuNP(µ-NtBu)2PNtBu)(µ-SP(R)S)] 

 II-12a II-12b II-12c 
31P NMR (PIII)  120.1  126.5  139.4 (t) 

2J(P,P) - - 4.3 

31P NMR (PV) −56.2  −56.9  −57.7 (d) 

2J(P,P) - - 4.3  

[(tBu(H)N(S)P(µ-NtBu)2P(µ-NtBuP(R)S)] 

 II-11a II-11b II-11c 
31P NMR (PV=S) 111.4 (d) 116.9 (d) 100.4 (d) 

2J(P,P) 43.4 42.3 44.4 

31P NMR (PV) 17.3 (dd) 17.2 (dd) 16.8 (dd) 

2J(P,P) 43.4/26.9 42.5/27.1 44.6/25.9 

31P NMR (PIII) 14.6 (d) 14.4 (d) 15.2 (d) 

2J(P,P) 26.8 27.0 26.2 
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Figure 60 illustrates the 31P NMR spectrum of the reaction of [tBuN(S)P(µ-

NtBu)2P(S)NtBu)]2− with (iPr)2NPCl2 resulting in the formation of [(tBu(H)N(S)P(µ-NtBu)2P(µ-

NtBuP(NiPr2)S)] (II-11c) as the major product, [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(NiPr2)S)] (II-

12c) as a very minor product and [(tBu(H)N(S)P(µ-NtBu)2P(S)N(H)tBu)][151] (BP-2) as an 

unwanted side product. 

 
Figure 60: 31P NMR spectrum of the reaction of [tBuN(S)P(µ-NtBu)2P(S)NtBu)]2− with (iPr)2NPCl2. A: full 

spectrum; B: resonances for the N,S-chelated species. 

The N,S-chelated compounds [(tBu(H)N(S)P(µ-NtBu)2P(µ-NtBuP(R)S)] (II-11a-c) have three 

distinct phosphorus atoms, whose resonances are revealed by 31P NMR spectroscopy. For 

the N(iPr)2 derivative II-11c the signals appear at 100.4 ppm as a doublet (2J(P,P) = 44.4 Hz) 

at 16.8 ppm as a doublet of doublets (2J(PV,PV) = 44.6 Hz, 2J(PV,PIII) = 25.9 Hz) and for the 

third phosphorus atom at 15.2 ppm, again as a doublet (2J(PIII,PV) = 26.2 Hz; cf. Figure 60). 

The adamantyl (II-11a) and tert-butyl (II-11b) derivatives show the same pattern (Table 5). 

For all three derivatives the mass spectra exhibit the appropriate molecular ion. 
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HEAVIER PNICTOGEN DERIVATIVES 

Based on the results from the reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) 

with RPCl2, we inferred that the synthesis of analogous RAs and RSb derivatives should be 

possible. The reactions using EtAsCl2 and PhSbCl2 in cold toluene yielded [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) and [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSb(Ph)Te)] (II-14) as 

the main products (Scheme 33).  

 

Scheme 33: Synthesis of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) and [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeSb(Ph)Te)] (II-14). 

Both compounds seem to be quite unstable in solution and decomposition was observed in 

all crystallisation attempts (indicated by the release of elemental tellurium). However, 31P- 

and 125Te NMR spectroscopy as well as mass spectrometry strongly suggest the formation of 

the desired metathetical products [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) and 

[(tBuNP(µ-NtBu)2PNtBu)(µ-TeSb(Ph)Te)] (II-14). 

The main peak in the 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13), 

measured in deuterated toluene, was observed at −135.7 ppm with a 1J(P,Te) of 1122 Hz. 

These values are comparable to the resonances observed for [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeP(Ad)Te)] (II-8a) or [(tBuNP(µ-NtBu)2PNtBu)(µ-TeP(tBu)Te)] (II-8b) as mentioned before 

(vide supra). Consistently, the 125Te NMR spectrum shows a doublet at 476.7 ppm with a 

similar 1J(P,Te) value. The mass spectrum exhibits a characteristic isotopic pattern for the 

molecular ion [M+] centred at 706.0 m/z. 

For the antimony derivative [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSb(Ph)Te)] (II-14) the 31P NMR 

spectrum reveals a single peak at −140.6 ppm with a 1J(P,Te) value of 1136 Hz. The 125Te 

NMR spectrum corroborates this coupling constant and also shows a 3J(Te,P) of 21 Hz in the 

form of a doublet of doublets centred at 316.8 ppm. Similarly, Chivers et al. reported the 

antimony complex Sb[N(TePiPr2)2-Te,Te’]3, for which the 31P NMR spectrum exhibits a 

singlet at 34.8 ppm with a 1J(P,Te) of 1339 Hz.[52] 
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For comparison the synthesis and isolation of the AsIII derivatives [(tBuNP(µ-NtBu)2PNtBu)(µ-

SeAs(Et)Se)] (II-15) and [(tBuNP(µ-NtBu)2PNtBu)(µ-SAs(Et)S)] (II-16) was achieved via the 

reaction of [Na(THF)2]2[tBuN(E)P(µ-NtBu)2P(E)NtBu)] (E = Se (P-3); S (P-4)) with EtAsCl2 in 

cold toluene (Scheme 34). 

 

Scheme 34: Synthesis of the selenium (II-15) and sulfur (II-16) analogue of [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeAs(Et)Te)] (II-13). 

The structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-15) was determined by X-ray 

crystallography after recrystallisation from n-hexane at −40 °C (Figure 61). 

 

Figure 61: X-ray structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15). 

Hydrogen atoms omitted for clarity. The arsenic atom is disordered over two positions, the arsenic bond length 

are thus not reliable. Selected bond lengths (Å) and angles (o): Se1–P1 2.268(3), Se2–P2 2.270(3), P1–N1 

1.513(9), P1–N4 1.663(9), P1–N3 1.692(9), P2–N2 1.510(8), P2–N4 1.664(9), P2–N3 1.685(9), As1–C17–

1.897(15), Se–As 2.280-2.314; N1–P1–N4 119.3(5), N1–P1–N3 120.4(5), N4–P1–N3 83.0(4), N1–P1–Se1 

117.9(4), N4–P1–Se1 105.9(3), N3–P1–Se1 104.3(3), N2–P2–N4 120.8(5), N2–P2–N3 118.7(5), N4–P2–N3 

83.3(4), N2–P2–Se2 117.3(3), N4–P2–Se2 105.3(3), N3–P2–Se2 105.8(3), C18–C17–As1 118.6(12). 

The arsenic atom in [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15), which shows a disorder, 

is displaced by 0.824-0.844 Å out of the mean plane (Se1, Se2, P1, P2, N1, N2) of the 

molecule. The P–Se bond distances of 2.268(3) and 2.270(3), respectively, are comparable 
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to typical P–Se single bonds (e.g. 2.273(2) Å for Δ4-1,4,2λ5-selenazaphospholine[170], 

2.276(2) Å for WR[104g], 2.3021(9) Å in PhSe–P{NV[N(Np)Ar]3}2
[171], 2.274(1)-2.297(1) Å for 

(iPr2PSe)2Se[172]).  

The structural motif P–Se–As–Se–P in II-15 is to the best of our knowledge unknown in the 

literature, whereas the Se–As–Se scaffold is not unusual. The Se–As bond distance of 

2.280-2.314 Å (not fixed due to disorder) is in the range of reported values, e.g. As7Se4
− 

(d(As–Se) = 2.378(3)-3.172(3) Å)[173], the Ph2AsSe− (d(As–Se) = 2.341(2) Å) and Ph2AsSe2
− 

(d(As–Se) = 2.2498(7)-2.2637(8) Å).[174] 

The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15) reveals a singlet at 

−76.9 ppm with a set of satellites showing the 1J(P,Se) of 460.4 Hz as well as the 2J(P,P) of 

51.4 Hz. The 77Se NMR spectrum exhibits a doublet of doublets at 284.3 ppm with a 1J(Se,P) 

of 461.0 Hz and a 3J(Se,P) of 12.7 Hz. 

For the sulfur derivative II-16 the 31P NMR spectrum exhibits a resonance at −52.9 ppm in 

the form of a singlet.20 This shift is comparable to that of the PIII analogues II-12a-c discussed 

earlier. The mass spectrum shows the expected molecular ion [M+] at m/z = 514.1. 

                                                 
20 The protonated [(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] species is observed at δ(31P) = 40.0 ppm in about 5 % yield according to 

the 31P NMR spectrum.[151]  
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REACTIONS OF [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) WITH GROUP 14 HALIDES 

The synthesis of group 14 systems utilises the metathetical reactions of 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) with group 14 halides such as 

Ph2GeCl2, tBuSnCl2, nBuSnCl2 and Ph2SnCl2.  

The treatment of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) with Ph2GeCl2 in 

toluene at −78 °C generated the novel heterocyclic [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeGe(Ph)2Te)] (II-17) as a red solid (Scheme 35). 

 
Scheme 35: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] with Ph2GeCl2. 

The Ph2Ge II-17 derivative is quite air stable (no decomposition observed after three days of 

exposure to air) and showed a low tendency to decompose upon exposure to light. Crystals 

were isolated from a saturated n-hexane solution stored at −40 °C. The yellow platelets were 

used for the X-ray analysis and the molecular structure is depicted in Figure 62. 

 

Figure 62: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Ge1 2.577(3), Te2–Ge1 

2.565(3), Te1–P1 2.508(6), Te2–P2 2.508(6), P1–N1 1.525(17), P1–N3 1.715(18), P1–N4 1.686(17), P2–N3 

1.733(17), P2–N2 1.521(16), P2–N4 1.693(18); Ge1–Te1–P1 97.73(14), Ge1–Te2–P2 98.56(14), Te1–Ge1–Te2 

115.44(10), Te1–P1–N1 114.0(7), Te1–P1–N3 107.1(7), Te1–P1–N4 109.3(6), Te2–P2–N3 108.5(7), Te2–P2–N2 
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115.6(7), Te2–P2–N4 107.2(6), N1–P1–N3 120.3(10), N1–P1–N4 117.9(10), N3–P1–N4 84.5(9), N3–P2–N2 

117.7(9), N3–P2–N4 83.8(9), N2–P2–N4 119.6(10), P1–N3–P2 94.3(9), P1–N4–P2 96.9(10). 

As for most of the aforementioned P2N2-supported species the structural parameters of the 

P–Te–E–Te–P (E = Ge) linkage have not been reported in the literature, although a few 

examples of structurally characterised compounds incorporating Te–Ge–Te scaffolds were 

described. The Te–Ge bond distance in [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17) is 

2.577(3) Å, cf. 2.5846(5)-2.6005(5) Å in [(2,4,6-iPr3C6H2)2GeTe2]2 and 2.5796(8) Å in [(2,4,6-

iPr3C6H2)4Ge4Te6].[175] The Ge atom distance from the mean Te1–Te2–P1–P2–N1–N2 plane 

of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] is 0.599 Å and the P2N2 ring is exactly 

perpendicular to this plane. The value 0.599 Å is one of the lowest, when compared to the 

aforementioned derivatives. The angle at the Ge atom (Te1–Ge1–Te2) is 115.44(10)°, which 

is much larger than the Te–Te–Te angle for the tritelluride II-4 (104.500(14)°) or the Te–P–Te 

angle in the P(Ad) species (II-8a) (108.81(16)°). 

The selenium analogue of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17) was isolated 

after the treatment of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)] (P-3) with Ph2GeCl2 in 

toluene at −78 °C (Scheme 36).  

 
Scheme 36: Synthesis of the selenium analogue of II-17, the heterocyclic [(tBuNP(µ-NtBu)2PNtBu)(µ-

SeGe(Ph)2Se)] (II-18). 

As observed in other reactions, the protonated compound [(HNtBu)Se=P(µ-

NtBu)2P=Se(HNtBu)] [δ(31P) = 26.7 ppm, 1J(P,Se) = 880 Hz)][150] was isolated as a major by-

product. The presence of this by-product precluded purification of [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeGe(Ph)2Se)] (II-18) due to their similar solubility and crystallisation 

behaviour. The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeGe(Ph)2Se)] (II-18) 

consists of a singlet at −80.4 ppm accompanied by a set of satellites revealing a 1J(P,Se) of 

470.3 Hz and 2J(P,P) of 60.2 Hz. Accordingly, the 77Se NMR spectrum shows a doublet of 

doublets at 137.6 ppm, confirming the 1J(P,Se) observed in the 31P NMR spectrum and 

revealing a 3J(P,Se) of 15.6 Hz, that is hidden under the main signal in the 31P NMR 

spectrum. The mass spectrum shows a parent ion at m/z = 733.1 [M++H] with a characteristic 

isotopic pattern. 
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ORGANOTIN DERIVATIVES 

Treatment of organotin dichlorides with [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-

1) yielded a series of organotin-tellurium heterocycles stabilised by P2N2 rings. These 

reactions were performed in toluene at −78 °C resulting in the formation of [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) and its nBu (II-19b) and Ph (II-19c) analogues 

(Scheme 37). 

 
Scheme 37: Reaction of Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] with different organotin dichlorides. 

Surprisingly, the air-sensitivity varies significantly for this series of diorganotin compounds. 

Whereas the tBu derivative II-19a shows no decomposition upon exposure to air (in the solid 

state), the phenyl II-19c and n-butyl II-19b derivatives decompose instantly with the 

formation of elemental tellurium (especially when in solution). The extreme sensitivity of the 

Ph and nBu analogues precluded characterisation by X-ray analysis, elemental analysis and 

mass spectrometry. Nevertheless, the NMR data strongly support the formation of the phenyl 

(II-19c) and n-butyl (II-19b) derivatives.  

For the tBu derivative II-19a yellow crystals suitable for X-ray analysis were isolated after the 

recrystallisation from n-hexane at −40 °C. The molecular structure of [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) is illustrated in (Figure 63). 

 
Figure 63: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a). 

–78 °C, toluene

R2SnCl2, – 2 LiC

PP N N
N

tBuN

tBu

tBu

Te Te

Li

Li

(TMEDA)

(TMEDA)

tBu
R = tBu, nBu, Ph

PP N NtBu
N

tBuN

tBu

tBu

Te Te
Sn

RR

II-19a (R = tBu)
P-1 II-19b (R = nBu)

II-19c (R = Ph)



CHAPTER II: PHOSPHORUS-CHALCOGEN COMPOUNDS SUPPORTED BY P2N2 RINGS 

 89 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Sn1 2.7603(7), Te1–P1 

2.504(2), P1–N2 1.696(7), P1–N2’ 1.693(7), P1–N1 1.508(7); Sn1–Te1–P1 100.74(6), Te1–Sn1–Te1’ 110.84(3), 

Te1–P1–N2 107.3(3), Te1–P1–N1 115.4(3), N2–P1–N1 119.6(4), N2’–P1–N1 118.8(4), P1–N2–P1 96.2(4). 

No structurally characterised compounds with a P–Te–Sn–Te–P linkage are known to date. 

In contrast the Te–Sn–Te unit is a well-characterised system. For example, the structure of a 

six-membered ring (Bn2SnTe)3 (Bn = benzyl) with alternating tellurium and tin atoms was 

reported and this heterocycle was used as a single-source precursor for phase-pure, 

polycrystalline SnTe.[176] Furthermore, the structure of the five-membered ring system 

(tBu2Sn)3Te2 incorporating Sn–Te bond lengths of 2.738(1)-2.754(3) Å was determined.[177]  

The Sn–Te bond distances in (Bn2SnTe)3 range from 2.720(2)-2.738(2) Å[176] and are thus 

slightly shorter than those in [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) 

(2.7603(7) Å). The Te1–Sn1–Te1 angle in the latter is 110.84(3)°, whereas those in 

(Bn2SnTe)3 range from 111.24(5) to 115.71(5) Å,[176] and in (tBu2Sn)3Te2 from 114.0(1)-

114.3(1)°.[177] The P–Te bond length of 2.504(2) Å is similar to that in the Ph2Ge analogue II-
17 (within experimental error). In contrast to the heterocycles discussed before no out plane 

displacement of the heteroatom is observed in this derivative. The ring system Sn–Te1–P1–

P1’–Te1’ is perfectly planar with the N1 and N1’ atoms being in this plane and the P2N2 ring 

exactly perpendicular to the plane. Furthermore, in comparison to the aforementioned 

systems this species provides high symmetry. 

The NMR data for the three diorganotin derivatives [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(R)2Te)] 

(II-19a-c) with the R-groups tBu, nBu and Ph show very clear similarities in their chemical 

shifts and coupling constants (Table 6).  

Table 6: NMR data comparison for the tBu, nBu and Ph derivatives of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(R)2Te)]. 

 tBu 

II-19a 

nBu 

II-19b 

Ph 

II-19c 

31P NMR [ppm] −141.6 −140.4 −141.1 

1J(P,Te) [Hz] 1183 1102 1140 

2J(P,Sn) [Hz] 52 60 51 

119Sn NMR [ppm] 34.2 −156.1 −84.7 

1J(Sn,Te) [Hz] 3385 -* 3389 

125Te NMR [ppm] −47.7 23.4 6.7 

3J(P,Te) [Hz] 25 26 26 

*signal to noise ratios in 119Sn and 125Te NMR spectra too poor to reveal the 1J(Sn,Te) 

The 31P NMR spectra exhibit a singlet accompanied by a doublet of tellurium satellites 

revealing the values for the 1J(P,Te) and 2J(P,P). Furthermore, tin satellites revealing 
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2J(P,Sn) are observed. The 119Sn NMR spectra exhibit triplets attributed to the coupling to 

two equivalent phosphorus centres (I = 1/2) with satellites showing the 1J(Sn,Te). The 125Te 

NMR spectra reveal doublets of doublets derived from the 1J(Te,P) and 3J(Te,P), 

respectively. Furthermore, satellites are observed confirming the values for 1J(Te,Sn) that 

have been revealed by the 119Sn NMR spectra. 

As the synthesis and characterisation of [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] was 

straightforward, we decided to compare it with its lighter chalcogen derivatives. Thus, the 

selenium and sulfur derivatives were isolated after reacting tBuSnCl2 with 

[Na(THF)2]2[tBuN(E)P(µ-NtBu)2P(E)NtBu] (E = S (P-4), Se (P-3)). 

 

Scheme 38: Reaction of [Na(THF)2]2[tBuN(E)P(µ-NtBu)2P(E)NtBu] (E = S, Se) with tBu2SnCl2. 

Besides the expected metathesis products [(tBuNP(µ-NtBu)2PNtBu)(µ-ESn(tBu)2E)] (E = S 

(II-21), Se (II-20)), the hydrogen abstraction products [tBu(H)N(E)P(µ-NtBu)2P(E)N(H)tBu] (E 

= S (BP-2), Se (BP-1)) were obtained as by-products. The presence of these by-products 

precluded the clean isolation of pure metathesis products due to very similar crystallisation 

behaviours. Nevertheless, we were able to isolate a few colourless crystals of [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] II-20 and [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] II-21 after 

recrystallisation from n-hexane at −40 °C (Figure 64 and Figure 65). 

As observed for the Te analogue [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) the 

atoms Sn1, Se1, Se2, P1, P2, N1, N2 in [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] II-20 are 

in one plane with the bridging P2N2 nitrogen atoms N3 and N4 perpendicular to this plane. 

The P–Se distances of 2.277(3)-2.286(3) Å are in the typical single-bond range, e.g. 

2.268(3)-2.270(3) Å for the EtAs derivative II-15, WR (2.276 Å)[104g] and others.[170, 171, 172] The 

structural motif P–Se–Sn–Se–P was reported before in the SnII complex [Sn{NSePiPr2)2-

Se,Se’}2][178] and in a SnIV compound [Sn{(Se)C(PPh2Se)2}2].[179] For both compounds the 

reported P–Se bond lengths are significantly shorter (2.181(1)-2.188(1) Å in [Sn{NSePiPr2)2-

Se,Se’}2] and 2.181(2)-2.187(2) Å in [Sn{(Se)C(PPh2Se)2}2]), suggesting a small double bond 

contribution for the P–Se bond in these systems.[178, 179] 
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Figure 64: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Sn1–Se1 2.5687(13), Sn1–Se2 

2.5750(14), Sn1–C17 2.191(11), Sn1–C21 2.191(11), Se1–P1 2.277(3), Se2–P2 2.286(3), P1–N1 1.521(10), P1–

N3 1.715(9), P1–N4 1.693(9), P2–N2 1.507(9), P2–N3 1.689(9), P2–N4 1.698(9); Se1–Sn1–Se2 110.35(4), Se1–

Sn1–C17 107.9(3), Se1–Sn1–C21 108.3(3), Se2–Sn1–C17 108.2(3), Se2–Sn1–C21 108.7(3), Sn1–Se1–P1 

102.73(8), Sn1–Se2–P2 103.00(8), Se1–P1–N1 114.3(4), Se1–P1–N3 107.2(3), Se1–P1–N4 107.4(3), N1–P1–

N3 120.1(5), N1–P1–N4 119.6(5), N3–P1–N4 84.1(4), Se2–P2–N2 116.1(4), Se2–P2–N3 106.4(3), Se2–P2–N4 

106.7(3), N2–P2–N3 120.1(5), N2–P2–N4 118.1(5), N3–P2–N4 84.7(4). 

The Se–Sn–Se angle of 110.35(4)° is significantly larger than that in [Sn{NSePiPr2)2-

Se,Se’}2] (88.75(3)°) or in [Sn{(Se)C(PPh2Se)2}2] (91.09(3)°), presumably due to the different 

structural environment.[178, 179] 

The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20) reveals one 

resonance at −77.0 ppm with satellites showing a 1J(P,Se) of 500.0 Hz and a 2J(P,Sn) of 

42.3 Hz. The 119Sn NMR spectrum reveals a triplet at 69.8 ppm confirming the 2J(P,Sn) 

observed in the 31P NMR spectrum. This signal is accompanied by satellites revealing a 
1J(Sn,Se) value of 690.5 Hz. The 77Se NMR spectrum of II-20 exhibits a doublet of doublets 

at 77.3 ppm, which arises from the 1J(P,Se) coupling and an additional 3J(P,Se) coupling of 

12.0 Hz.  

In comparison the 31P NMR spectrum of the tin(IV) complex [Sn{(Se)C(PPh2Se)2}2] shows a 

singlet at 61.6 ppm with satellites revealing a 1J(P,Se) of 536 Hz.[179] The tin(II) complex 

[Sn{NSePiPr2)2-Se,Se’}2] exhibits a singlet at 58.8 ppm with a 1J(P,Se) of 550 Hz and a 
2J(P,Sn) of 54.9 Hz. Furthermore, the 119Sn NMR spectrum consists of a resonance at 

−105.4 ppm.[178] The smaller 1J(P,Se) for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20) 

compared to the literature compounds is in good agreement with our observations of the 

difference in the P–Se bond distances (vide supra). 
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Figure 65: X-ray crystal structure of [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Sn1–S1 2.444(4), Sn1–S2 2.450(4), 

S1–P1 2.110(4), S2–P2 2.121(4), P1–N1 1.484(10), P1–N3 1.704(10), P1–N4 1.696(9), P2–N2 1.499(10), P2–N3 

1.702(9), P2–N4 1.702(10); S1–Sn1–S2 109.94(9), Sn1–S1–P1 104.34(17), Sn1–S2–P2 104.31(17), S1–P1–N1 

115.5(4), S1–P1–N3 105.7(3), S1–P1–N4 107.4(3), N1–P1–N3 120.6(5), N1–P1–N4 118.5(5), N3–P1–N4 

84.8(5), S2–P2–N2 116.9(5), S2–P2–N3 105.1(3), S2–P2–N4 107.1(3), N2–P2–N3 119.7(4), N2–P2–N4 

118.5(5), N3–P2–N4 84.6(5), P1–N4–P2 95.4(4), P1–N3–P2 95.1(4). 

As for the related chalcogen derivatives II-19a and II-20, [(tBuNP(µ-NtBu)2PNtBu)(µ-

SSn(tBu)2S)] (II-21) exhibits E,E’-chelation (Te,Te’- for II-19a; Se,Se’- for II-20 and S,S’-

chelation for II-21) of the tin(IV) atom. In contrast, the N,N’-chelated tin derivative [(tBuNP(µ-

NtBu)2PNtBu)(µ-SSn(Me)2S)] was isolated after reacting the unchalcogenated system 

[(tBuNP(µ-NtBu)2PNtBu)(µ-Sn(Me)2)] with two equivalents of sulfur.[180] This was seen to be 

an indication that N,N’-chelation is favoured for “hard” (according to the HSAB-concept) 

systems and E,E’-chelation for “soft” systems.[148] The results in this thesis show that our 

synthetic approach leads predominantly to E,E’-chelation, in some cases to N,E-chelation 

and rarely to N,N’-motifs. 

The P–S–Sn–S–P scaffold is well known in the literature and was reported in the diorganotin 

dithiophosphates Me2Sn(S2PEt2)2,[181] Me2Sn(S2PPh2)2
[182] and Me2Sn(S2PMe2)2.[183] The P–S 

bond distances of 2.110(4)-2.121(4) Å in [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21) are 

slightly longer than those in the diorganotin dithiophosphates, whereas the Sn–S bond 

lengths of 2.444(4)-2.450(4) Å are slightly shorter, cf. (Me2Sn(S2PEt2)2: d(P–S) = 1.961(2)-

2.054(2) Å, d(Sn–S) = 2.476(2) Å;[181] Me2Sn(S2PPh2)2: d(P–S) = 1.958(2)-2.060(2) Å, d(Sn–

S) = 2.482(1)-2.499(1) Å;[182] Me2Sn(S2PMe2)2: d(P–S) = 1.969-2.047 Å, d(Sn–S) = 

2.482(2) Å[183]). 
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The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21) consists of a single 

resonance at −48.7 ppm accompanied by 119Sn satellites showing a 2J(P,Sn) of 35 Hz. The 
119Sn NMR spectrum reveals a triplet at 66.4 ppm confirming the 2J(P,Sn) values observed in 

the 31P NMR spectrum. 

Table 7 provides an overview of X-ray and NMR data of the three chalcogen derivatives 

[(tBuNP(µ-NtBu)2PNtBu)(µ-ESn(tBu)2E)] (E = Te (II-19a), Se (II-20), S (II-21)). For all 

compounds the Sn atom is localised in the mean plane E1–P1–exo-N1–exo-N2–P2–E2, with 

the P2N2 ring being perpendicular to this plane. The transannular P···Sn distance decreases 

in the series Te > Se > S, which is reflected in the values of 2J(P,Sn). As one would expect 

the E–Sn distance is the largest for tellurium (2.7603(7) Å) and decreases from selenium to 

sulfur. The E–Sn–E angle however is only slightly different in all three derivatives, whereas 

the P–E–Sn angle increases in the series Te < Se < S. 

Table 7: Comparison of structural and NMR data for [(tBuNP(µ-NtBu)2PNtBu)(µ-ESn(tBu)2E)] (E = Te, Se, S). 

The (tBuNP(µ-NtBu)2PNtBu) moiety is abbreviated with P2N2. 

Parameters [P2N2-(µ-TeSn(tBu)Te)] 

II-19a 

[P2N2-(µ-SeSn(tBu)Se)] 

II-20 

[P2N2-(µ-SSn(tBu)S)] 

II-21 

31P NMR [ppm] −141.6 −77.0 −48.7 

2J(P,Sn) [Hz] 52 42 35 

119Sn NMR [ppm] 34.2 69.8 66.4 

d(P···Sn) [Å] 4.056 3.808 3.603 

d(E–Sn) [Å] 2.7603(7) 2.5687(13) 2.444(4) 

∠ P–E–Sn 100.74(6)  102.73(8)  104.34(17) 

∠ E–Sn–E 110.84(3) 110.35(4) 109.94(9) 

∠ E–P–P  113.87(7) 112.45(13) 110.98(15) 

d(Sn···E,E,P,P,N,N 

plane) 

0.000 0.006 0.058 

colour pale yellow colourless colourless 

 

The only coloured compound is the tellurium species II-19a. The air sensitivity of all three 

compounds is quite low; only slow decomposition was observed after exposure to air for 

three days. The replacement of the tin atom by a different main group atom like phosphorus 

(by reaction with RPCl2) was attempted but unsuccessful, as the tin derivatives do not react, 

not even at reflux conditions. 
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REACTIONS OF [{TeP(NtBu)(µ-NtBu)}2]2− WITH GROUP 13 HALIDES 

The reaction of the readily available GaCl3 and InCl3 with [Li(TMEDA)]2[tBuN(Te)P(µ-

NtBu)2P(Te)NtBu)] (P-1) yielded the spirocyclic Ga (or In) compounds [{Te,Te’-(tBuN(Te)P(µ-

NtBu)2P(Te)NtBu)}(µ-E){-N,Te-(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (E = Ga (II-22); In (II-23)) 

(vide infra). The Ga/In atom is connected to one P2N2 ring via Te,Te-coordination and to a 

second P2N2 scaffold through Te,N- coordination. One of the exocyclic NtBu groups attached 

to the second P2N2 ring is monoprotonated. Thus the +III charge of the group 13 centre is 

balanced by the combination of one dianionic P2N2 and one monoanionic P2N2 ligand. 

 

Scheme 39: Reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with GaCl3 and InCl3. 

Presumably, the reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with alkyl or 

aryl gallium or indium dichlorides would yield derivatives of the type [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeE(R)Te)] (E = Ga, In; R = aryl, alkyl). 

Red crystals of the spirocyclic gallium compound II-22 were isolated after a recrystallisation 

using n-hexane. The molecular structure is depicted in Figure 66. 

 
Figure 66: X-ray structure of [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-N,Te-(N(tBu)TeP(µ-

NtBu)2PN(H)tBu)}] (II-22). 

Hydrogen atoms omitted for clarity. Disordered tBu-group on N5; N5 atom has hydrogen attached. X-ray structure 

is of low quality, not for publication. Selected bond lengths (Å) and angles (°): Te1–Ga1 2.559(6), Te1–P1 

2.487(11), Te2–Ga1 2.600(6), Te2–P2 2.510(11), Te3–Ga1 2.657(2), Te3–P3 2.429(4), Ga1–N5 1.979(14), P1–
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N1 1.54(3), P1–N3 1.61(2), P1–N4 1.60(3), P2–N2 1.51(3), P2–N3 1.80(2), P2–N4 1.78(3), P3–N5 1.612(16), 

P3–N7 1.68(3), P3–N8 1.64(3), P4–N6 1.668(15), P4–N7 1.77(3), P4–N8 1.74(3); Ga1–Te1–P1 95.5(3), Ga1–

Te2–P2 96.2(3), Ga1–Te3–P3 69.17(12), Te1–Ga1–Te2 117.17(11), Te1–Ga1–Te3 112.3(2), Te1–Ga1–N5 

113.4(12), Te2–Ga1–Te3 111.4(2), Te2–Ga1–N5 114.1(12), Te3–Ga1–N5 83.9(4), Te1–P1–N1 111.0(12), Te1–

P1–N3 107.2(7), Te1–P1–N4 110.2(7), N1–P1–N3 115.2(13), N1–P1–N4 121.8(15), N3–P1–N4 89.0(14), Te2–

P2–N2 120.1(13), Te2–P2–N3 107.2(7); Te2–P2–N4 107.6(7), N2–P2–N3 121.7(14), N2–P2–N4 114.3(16), N3–

P2–N4 77.9(12), Te3–P3–N5 100.0(5), Te3–P3–N7 118.7(9), Te3–P3–N8 113.9(9), N5–P3–N7 115.4(16), N5–

P3–N8 125.3(16), N7–P3–N8 84.9(13), N6–P4–N7 100.5(13), N6–P4–N8 110.9(14), N7–P4–N8 79.1(13). 

The crystal structure of the Ga compound [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-

N,Te-(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-22) is isomorphous to the indium analogue 

[{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-

23) discussed in the following part of this chapter. Due to the comparably low quality of the 

refinement of the crystal structure bond lengths and angles are not discussed in detail. Two 

other compounds with the P–Te–Ga–Te–P scaffold were reported before viz. {Ga(µ-

Te)[N(iPr2PTe)2]}3 and a derivative with a Te,N-coordination to Ga (in {Ga(µ-Te)[iPr2PNiPr2-

PTe]}2).[61]  

Slow decomposition of II-22 in solution prevented the reliable characterisation by 125Te NMR 

spectroscopy. However, the 31P NMR spectrum of II-22 exhibits three resonances; a singlet 

at 76.6 ppm, which can be assigned to the PIII centre (P4 atom), a singlet at −44.7 ppm with 

a 1J(P,Te) of 1233 Hz (P3 atom) and a singlet at −133.3 ppm, which shows a 1J(P,Te) of 

1130 Hz (P1 and P2 atom). The expected 2J(P,P) couplings were not observed, probably due 

to the low quality of the spectrum.  

After recrystallisation from n-hexane at −40°C, yellow platelets of the indium compound 

[{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-

23) suitable for single crystal X-ray crystallography were isolated. The molecular structure is 

depicted in Figure 67. 

 

Figure 67: X-ray structure of [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-(N(tBu)TeP(µ-

NtBu)2PN(H)tBu)}] (II-23). 
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Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–In1 2.7270(16), Te1–P1 

2.485(4), Te2–In1 2.7210(16), Te2–P2 2.499(3), Te3–In1 2.7959(6), Te3–P3 2.4526(10), In1–N5 2.174(3), P1–

N1 1.559(12), P1–N3 1.699(13), P1–N4 1.662(12), P2–N2 1.498(11), P2–N3 1.701(13), P2–N4 1.736(13), P3–N5 

1.610(4), P3–N7 1.644(11), P3–N8 1.686(11), P4–N6 1.652(3), P4–N7 1.771(11), P4–N8 1.752(11); In1–Te1–P1 

93.37(8), In1–Te2–P2 93.05(8), In1–Te3–P3 71.40(3), Te1–In1–Te2 115.87(3), Te1–In1–Te3 114.25(6), Te1–

In1–N5 113.4(4), Te2–In1–Te3 114.25(6), Te2–In1–N5 114.8(4), Te3–In1–N5 79.00(9), Te1–P1–N1 116.6(5), 

Te1–P1–N3 107.7(2), Te1–P1–N4 109.5(2), N1–P1–N3 116.8(5), N1–P1–N4 117.7(5), N3–P1–N4 83.9(6), Te2–

P2–N2 113.3(5), Te2–P2–N3 108.1(2), Te2–P2–N4 109.7(2), N2–P2–N3 120.3(5), N2–P2–N4 119.8(5), N3–P2–

N4 81.6(5), Te3–P3–N5 101.82(12), Te3–P3–N7 115.9(4), Te3–P3–N8 113.3(3), N5–P3–N7 120.2(6), N5–P3–

N8 121.1(7), N7–P3–N8 85.0(5), N6–P4–N7 104.5(5), N6–P4–N8 106.5(5), N7–P4–N8 79.4(5), P1–N4–P2 

97.3(2), In1–N5–P3 107.77(16), P3–N7–P4 96.8(6), P3–N8–P4 96.0(5). 

The molecular structure of the indium derivative II-23 exhibits two different coordination 

modes of the P2N2 ligand. The dianionic ligand (tBuN(Te)P(µ-NtBu)2P(Te)NtBu) coordinates 

in a Te,Te’-mode and the monoanionic (tBuN(Te)P(µ-NtBu)2PN(H)tBu) in a Te,N bonding 

mode. The P–Te distances are 2.485(4) and 2.499(3) Å for the P1–Te1 and P2–Te2 bonds 

and 2.4526(10) Å for the P3–Te3 bond. The P–Te bond distances are thus amongst the 

shortest of the heterocyclic systems discussed in this chapter. A compound with the P–Te–

In–Te–P scaffold was reported before in the six-membered ring {In(µ-Te)[N(iPr2PTe)2]}3.[61] 

The P–Te distance of 2.450(2) Å is comparable with that observed for the P3–Te3 bond, but 

shorter than those found for the P1–Te1 and P2–Te2 bonds.  

The In–Teexo distance in {In(µ-Te)[N(iPr2PTe)2]}3 of 2.8089(9) Å[61] is significantly elongated 

when compared to the Te–In distances from the dianionic ligand in II-23 (2.7210(16)-

2.7270(16) Å) but comparable to the one observed for the Te3–In1 distance of 2.7959(6) Å. 

The Te1–In1–Te2 angle in II-23 is 115.87(3)°, which is much larger than that observed for 

{In(µ-Te)[N(iPr2PTe)2]}3 (Teexo–In–Teexo 90.07(3)°), even though both systems incorporate a 

four-coordinated indium atom. 

The 31P NMR spectrum of the indium derivative II-23 exhibits three distinct resonances for 

the four different phosphorus environments namely P1/P2, P3 and P4. The resonance at 

78.1 ppm can be assigned to the P4 atom, which is the only phosphorus centre in the 

oxidation state +III. This resonance appears as a doublet (2J(P,P) = 3.4 Hz) without any 

visible satellites. The second phosphorus resonance assignable to the atom P3 appears also 

as a doublet (2J(P,P) = 3.4 Hz) at −41.2 ppm with a set of satellites giving a 1J(P,Te) of 

1251 Hz. Finally, a singlet at −135.1 ppm in the 31P NMR spectrum is observed for the P1/P2 

atoms with satellites (1J(P,Te) of 1113 Hz and a 2J(P,P) of 10.2 Hz). Slow decomposition in 

solution at RT precluded further characterisation of II-23 by 125Te NMR spectroscopy. In 

summary, the NMR characteristics of II-23 are extremely similar to those observed for the Ga 

analogue II-22 (vide supra). 
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III.3  CONCLUSION AND FUTURE WORK 

A CONCLUSION 

This chapter dealt with heterocyclic main group element tellurium species that are supported 

by P2N2 scaffolds. By reactions of the lithium and the newly developed sodium derivatives of 

the dianionic building block [{TeP(NtBu)(µ-NtBu)}2]2− with different main group element 

halides, novel and intriguing species were isolated. These phosphorus-tellurium systems 

incorporate elements from groups 13, 14, 15 and 16, viz. tellurium, selenium, antimony, 

arsenic, phosphorus, tin, germanium, indium and gallium in the bridging position (Scheme 
40).  

 
Scheme 40: Reactions of [{TeP(NtBu)(µ-NtBu)}2]2

− with main group element halides. 

In most of the systems the dianionic ligand is Te,Te’-chelated to the main group centre with 

P–Te distances between 2.4526(10) Å and 2.5405(10) Å (Table 8). The 1J(P,Te) values are 

in the range of 1029 Hz-1251 Hz; the highest value is found for the P–Te bond in the indium 

derivative II-23 that is involved in the Te,N’-chelation.  

As expected the shortest value of the transannular P···E distance (3.596 Å) in the Te,Te’-

chelated rings is observed for the smallest bridging atom (phosphorus). The only perfectly 
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planar system was found to be the Sn(tBu)2 derivative II-19a, which shows no out-of-plane 

displacement (P1–Te1–N1–P1’–Te1’–N1’), while the PAd derivative II-8a exhibits the largest 

deviation (1.268 Å). 

Table 8: Summary of the values for synthesised and structurally characterised tellurium species in chapter II. 

 Te 
II-4 

Se2 

II-6 
PAd 
II-8a 

PtBu 
II-8b 

GePh2 

II-17 
SntBu2 
II-19a 

In 
II-23 

d(P–Te) 2.5317(10) 

2.5405(10) 

2.501(3) 

2.483(3) 

2.512(3) 

 

2.489(3) 2.508(6) 

2.508(6) 

2.504(2) 2.485(4) 

2.499(3) 

2.4526(10) 

d(Te–E) 2.7155(4) 

2.7158(4) 

2.4919(18) 

2.5356(17) 

2.508(3) 2.424(6)-

2.387(6) 

2.577(3) 

2.565(3) 

2.7603(7) 2.7270(16) 

2.7210(16) 

2.7959(6) 

d(P···E) 3.910 

3.890 

3.905 

3.925 

(4.391) 

(4.424) 

3.596 - 3.849 

3.830 

4.056 3.791 

3.796 

3.075 

1J(P,Te) 1029 1287 1073 1073 1103 1183 1113 

1251 

2J(P,P) 31 47 21 21 20 6 11 

3J(P,Te) 41 42 29 32 26 25 - 

∠  Te–E–Te 104.500(14) - 108.81(16) 115.0(3) 115.44(10) 110.84(3) 115.87(3) 

114.25(6) 

114.25(6) 

∠  P–Te–E 95.63(2) 

96.06(3) 

104.20(8) 91.51(10) 97.81(15)-

97.75(15) 

97.73(14) 

98.56(14) 

100.74(6) 93.37(8) 

93.05(8) 

71.40(3) 

out of plane 

dis-

placement 

1.218 1.015 

(Se2) 

0.754 

(Se1) 

1.268 - 0.599 0.000 0.792 

 

As depicted in Scheme 40 two more SnR2 species (R = Ph, nBu), an unusual tritelluride, a 

tellurium-arsenic and a tellurium-antimony species were successfully identified on the basis 

of multinuclear NMR and mass spectra. 

The comparison of the series of diorganotin derivatives [(tBuNP(µ-NtBu)2PNtBu)(µ-

TeSn(R)Te)] (R = tBu, nBu, Ph) (II-19a-c) showed that the thermal and air stability is highly 

dependent on the substituents on the tin atom. Whereas the tBu derivatives showed an 

unexpectedly high thermal and especially air stability, the nBu and Ph derivatives are 

extremely sensitive regarding exposure to air or heat. Presumably, the low stability of the 

arsenic and antimony species is derived from the low stabilisation effects by the Et and Ph 
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groups, respectively. A tBu or Ad group on the As and Sb atoms could lead to more stable 

systems. 

Furthermore, a similar synthetic approach to the one discussed above using [{EP(NtBu)(µ-

NtBu)}2]2− (E = S, Se) yielded some sulfur and selenium analogues of the tellurium systems. 

These show usually close similarities although significant differences in their overall 

behaviour and structural characteristics were observed for some main group elements in the 

bridging positions.  

The diprotonated derivatives of the dianions, i.e. [(tBuHN)(E)P(µ-NtBu)2P(E)(NHtBu)] (E = S 

(BP-2), Se (BP-1)) were identified as a side product in every single reaction performed. 

Similar crystallisation behaviour of this by-product and the products of metathesis 

complicated the isolation of pure heterocycles for the sulfur and selenium systems. However, 

as depicted in Scheme 41 and Scheme 42 some of these novel polycycles could be 

identified. 

 
Scheme 41: Reactions of [{SeP(NtBu)(µ-NtBu)}2]2

− with main group element halides. 

In the case of the sulfur systems, a difference in the coordination for smaller atoms like 

phosphorus was observed (Scheme 42). Instead of a S,S’-chelation the predominant 

coordination mode is S,N’-chelation. Larger atoms like arsenic or tin gave the S,S’-chelated 

complexes exclusively.  
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Scheme 42: Reactions of [{SP(NtBu)(µ-NtBu)}2]2

− with main group element halides. 

The presented compounds are especially interesting, in terms of their structural properties 

and offer a novel insight into heterocyclic main group element systems. Moreover, the study 

presented in this chapter reveals the extensive range of possible chemistry starting from the 

dianionic [{EP(NtBu)(µ-NtBu)}2]2− (E = S, Se, Te) reagents. 

B FUTURE WORK 

Future work should mainly be focused on investigations of the reactivity of the newly 

synthesised systems and potential applications. As the analysis in this chapter showed, a 

wide range of tellurium, selenium and sulfur species can be isolated. Undoubtedly, the 

extension of this series is possible by adapting the standard procedures developed in this 

chapter.  

An interesting field could be the use of the dianionic species in the synthesis of systems 

derived from reactions with tri-, tetra- or polyhalogenated main group metals. The use of 

trihalides in the examples of the gallium and indium systems illustrated the possibility of the 

formation of spirocyclic systems. Similar spirocycles with double E,E’-chelation (E = S, Se, 

Te) and two dianionic ligands could be isolatable by using tetrahalides as for example SnCl4 

or TeX4 (X = Cl, Br, I). Initial reactions with these systems showed high selectivity as 

observed by 31P NMR spectra, but usually very poor solubility in the commonly used solvents 

like pentane, n-hexane and toluene and decomposition in THF, acetonitrile or halogenated 

solvents (e.g. DCM, CHCl3). 

Another area of interest in this new class of molecules is their inorganic chemistry as well as 

their behaviour as ligands in transition metal complexes. Furthermore, the synthesis and 

subsequent oxidation of a mixed bis(tert-butylamino)cyclodiphosph(III/III)azane dianion could 

be investigated to yield uncommon S–Te and Se–Te systems comparable to the mixed 

dichalcogenoimidodiphosphinate anions represented in Scheme 15.[155] 
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Additionally, the oxidation reactions of the dianionic systems (P-1, P-2, P-3 and P-4) and the 

formation of macrocycles and other unusual systems are discussed in chapter III. 

As the metathetical reactions proved to be extremely versatile the coordination chemistry 

using transition metal complexes is an area of particular interest. First reactions and their 

products are covered in chapter IV.  
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CHAPTER III: PHOSPHORUS-CHALCOGEN MACROCYCLES 

INCORPORATING P2N2 SCAFFOLDS 

 

Stonehenge as an example of intriguing early architecture establishes a cyclic structure 

composed of dolerite stones. The compounds presented in this chapter are examples of 

macrocyclic and polycyclic chalcogen-based species incorporating P2N2 linkages. The 

reaction pathway utilises the mild oxidation of the dianionic species [tBuN(E)P(µ-

NtBu)2P(E)NtBu)]2− (E = Te, Se, S). 
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III.1  INTRODUCTION 

A INTRODUCTION INTO CHALCOGEN BASED MACROCYCLES 

The interest in organochalcogen macrocycles stems from their potential ability for host-guest 

chemistry in antibiotics or membrane transport systems.[184] Additionally, the thio-, seleno- 

and telluroethers offer novel coordination chemistry and some compounds could be 

interesting precursors for CVD applications.[185] 

A novel class of selenium coronands was introduced by Pinto and co-workers by reacting 

sodium propane-1,3-bis(selenocyanate) with sodium metal in liquid ammonia and 

subsequently with dihalogeno linkers like 1,3-dibromopropane (Scheme 43).[184] This 

approach yielded intriguing six- to eighteen-membered organoselenium macrocycles, that 

were expected to bind softer metal ions preferentially.[184] 

 

Scheme 43: Synthesis of organoselenium macrocycles with different ring sizes.[184] 

 

The preparation of a related tritelluracyclododecane was achieved by thermolysis and 

subsequent reductive elimination (Scheme 44). This kind of telluroether-based macrocycle is 

expected to present a wide range of coordination chemistry.[186] 

 

Scheme 44: Synthesis of telluroether based macrocycles.[186] 

 

Furthermore, the formation of 1,2,4,5,7,8,10,11-octaselenacylcododecane was presented by 

Woollins et al. in 2011, which was obtained as a by-product of the reaction of Woollins’ 

reagent (WR) with secondary amines (Scheme 45).[187]  

 

Scheme 45: Facile synthesis of an organoselenium macrocycle starting from WR.[187] 
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A macrocycle, incorporating group 15 and group 16 atoms was isolated from the reaction of 

LiN(tBu)SiMe3 with Se2Cl2 or SeOCl2. The crown-like ring system is stabilised through inter-

space Se···Se contacts (Scheme 46).[188] 

 

Scheme 46: Synthesis of a fifteen-membered selenium-nitrogen macrocycle.[188] 

Macrocycles that incorporate P2N2 rings[189] were first introduced by Wright and co-workers, 

employing cyclocondensation to generate NH- or O-bridged systems of various sizes 

involving PIII
2N2 rings.[190, 191] In contrast, to date only a few examples of macrocycles 

containing phosphorus and chalcogens are known. Especially compounds with diselenide 

linkages are rare and no macrocycles composed of phosphorus and tellurium or a 

phosphorus and a ditelluride scaffold are known.[2, 192] 

The first phosphorus-selenium macrocycle was reported in 2008 by Wright et al. who 

described the structure of an intriguing hexamer in which six P2N2 units are linked by bridging 

Se atoms, which was isolated in high yield from the reduction [(Cl)(Se=)P(µ-NtBu)]2 with an 

excess of sodium metal in boiling toluene (Scheme 47).[193] 

 

Scheme 47: Synthesis of a hexameric phosphorus-selenium macrocycle.[193] 

The first example of a macrocyle exhibiting a P–Se–Se–P unit was reported by Woollins et 

al.[192] Woollins’ reagent (WR)[104, 194] was reacted with alkyl diols to generate 

bis(diselenophosphonic) acids. These were subsequently converted to the amine salts by 

using butylamine and then treated with I2/KI resulting in eight-, nine-, and ten-membered 

NtBu

Se

Se

Se

Se

Se

Se

tBuN
Se

Se Se

tBuN NtBu

N N
tBu tBu

Se2Cl2LiN(tBu)SiMe3
or Se2OCl2

N
P

N
P

Cl
Se

Se
Cl

tBu

tBu

2 Na
– 2 NaCl

PSe

Se

P

Se P

P

Se

P P

PP

SeP

P

Se

P

P

Se

Se

Se

Se

Se
Se

N

N

N

N

N
N

N
NN

N

N
N tBu

tBu

tBu

tBu

tBu

tBu
tBu

tBu

tBu

tBu

tBu

tBu



CHAPTER III: PHOSPHORUS-CHALCOGEN MACROCYCLES INCORPORATING P2N2 SCAFFOLDS 

 106 

cyclic diselenides that incorporate one P–Se–Se–P unit (Scheme 48, top).[192] Examples of 

macrocycles with P–Se–P scaffolds were also reported by Woollins et al. in 2010 using the 

Woollins’ reagent in the reaction with arenediols (Scheme 48, bottom).[195, 196] 

 

Scheme 48: Synthesis of eight-, nine-, ten-membered rings with P–Se–Se–P and P–Se–P linkages.[192, 195, 196] 

The interest in such macrocycles is related to their unusual redox properties and ability to 

stabilise low-oxidation-state metals.[193, 197, 198] These macrocycles could also play an 

interesting role in host-guest chemistry especially for the incorporation of softer metals. 
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exo atoms (S, Se).[193] 
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III.2  RESULTS AND DISCUSSION 

As mentioned before the new approach to synthesise phosphorus-chalcogen macrocycles 

was based on the idea that the mild oxidation of the recently reported sodium (and 

potassium) derivatives of the anions [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = S, Se, Te) would 

generate macrocycles in which P2N2 rings would be bridged by dichalcogenido (–E–E–) 

groups. 

A A SELENIUM MACROCYCLE STABILISED BY P2N2 RINGS 

The oxidation of the sodium as well as the potassium salt of [tBuN(Se)P(µ-

NtBu)2P(Se)NtBu)]2− with iodine in tetrahydrofuran produced the trimeric diselenide 

macrocycle bridged by P2N2 rings [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) as the major 

product (Scheme 49). The compound is almost insoluble in organic solvents after it solidified 

and is reasonably air stable. To separate the macrocycle from the formed sodium or 

potassium iodide it was washed with a large amount of THF to remove the iodide. 

 

Scheme 49: Synthesis of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). 
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two molecular units per unit cell. The molecular unit is depicted in Figure 68, carbon and 

hydrogen atoms are omitted for clarity.  

 
Figure 68: X-ray crystal structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). 

A rotational disorder of one of the tBu groups and hydrogen atoms are omitted for clarity. Selected bond 

lengths (Å): Se1–Se2’ 2.3217(14), Se2–Se1’ 2.3217(14), P1–Se1 2.253(2), P2–Se2 2.262(2), N1–P1 1.507(8), 

N2–P1 1.695(5), N2–P2 1.695(6), N3–P2 1.501(7), P1–N2’ 1.695(5), P2–N2’ 1.695(6); angles (°): P1–N2–P2 

96.0(3), N1–P1–N2 126.2(3), N1–P1–N2’ 126.2(3), N2–P1–N2’ 83.8(4), N1–P1–Se1 104.2(3), N2–P1–Se1 

107.05(19), N2’–P1–Se1 107.05(19), N1–P1–P2 139.0(3), N2–P1–P2 42.01(19), N2’–P1–P2 42.01(19), Se1–P1–

P2 116.74(11), N3–P2–N2’ 118.6(3), N3–P2–N2 118.6(3), N2’–P2–N2 83.7(4), N3–P2–Se2 111.1(3), N2’–P2–

Se2 111.1(2), N2–P2–Se2 111.1(2), N3–P2–P1 126.4(3), N2’–P2–P1 41.99(19), N2–P2–P1 41.99(19), Se2–P2–

P1 122.42(11), P1–Se1–Se2’ 97.79(7), P2–Se2–Se1’ 98.63(7).  

The fifteen-membered P6Se6 unit is planar with P2N2 rings perpendicular to this plane. The 

dihedral angle of the P–Se–Se–P scaffold is 180°. This torsion angle is unusual for 

comparable diselenides, which are usually close to 90° (82.2° and 73.7° for N–Se–Se–N).[199]  

The Se–Se bond length is slightly shorter (2.3217(14) Å) as reported previously for similar 

compounds with P–Se–Se–P units (2.3555(8) Å and 2.3393(12) Å)[192] but has approximately 

the same bond distance as observed in [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) (2.321(2)-

2.3371(19) Å). The bond length is also slightly shorter than that in acyclic structures 

containing the P–Se–Se–P scaffold (2.384(1) Å).[200] 

Consistently, the P–Se bonds lengths of 2.253(2)-2.262(2) Å are just slightly longer 

compared to reported compounds (e.g. 2.380(2)-2.245(2) Å in Wrights macrocycle cf. 

Scheme 47; 2.2371(13) Å and 2.243(2) Å in P–Se–Se–P bridged systems, cf. Scheme 48) 

and are thus typical values for PV–Se single bonds.[192, 193] Thus, the different environment 
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(=NtBu and –N compared to =Se and –C) of the P–Se–Se–P scaffolds is not influencing the 

bond length to a measurable degree. As previously reported, the Se–Se bond is labile and 

can be broken easily, which opens a range of possible studies, e.g. the use as a precursor to 

acyclic oligomers.[192, 201]  

The transannular Se1⋅⋅⋅Se1’ bond distance is 3.315 Å. The distance is thus slightly shorter 

than in other 15-membered ring systems composed of selenium atoms and nitrogen 

(Se9(NtBu)6 3.355(3))[199] and much less than the sum of the van der Waals radii of the two 

selenium atoms (3.80 Å).[81] 

       

Figure 69: Packing of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) shown along the a, b and c axis. 
 

The packing is characterised by parallel arrangements of the planar ring systems. As can be 

seen in Figure 70, the trimeric macrocycle shows no gap inside the ring system for host-

guest chemistry. However, enlarged ring sizes could lead to possible applications in view of 

host-guest chemistry. 

 

Figure 70: Left: Space-filling model of the molecular unit of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). Carbon and 

hydrogen atoms are omitted for clarity. Right: View along the mean plane of the molecule. 

The solution 31P NMR spectrum of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) shows a single 

resonance at −67.3 ppm accompanied by 77Se satellites with an AXX’ pattern revealing a 
2J(P,P) of 19.5 Hz and a 1J(P,Se) of 428.5 Hz. The 1J(P,Se) coupling constant is comparably 

small, which is an image of the slightly shorter P–Se bond length observed in [(tBuNP(µ-

NtBu)2PtBuN)(µ-Se2)]3 (III-1) (2.253(2)-2.262(2) Å) when for example compared to 
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[(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) (2.275(3)-2.280(3) Å) or the cyclic P–Se–Se–P 

systems reported by Woollins et al. (1J(P,Se) of 444-507 Hz).[192] The 1J(P,Se) for the 

aforementioned [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) is 524 Hz, while that for [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeP(tBu)Se] is 447.3 Hz. The 2J(P,Se) satellites are hidden under the 

intense central line in the 31P NMR spectrum of III-1, prohibiting calculation of the coupling 

constant. The 77Se NMR solution-state spectrum of III-1 shows one doublet instead of the 

expected doublet of doublets, confirming the 1J(P,Se) observed in the 31P NMR spectrum. 

In contrast to the solution-state 31P NMR spectrum of III-1, a doublet is observed in the solid-

state 31P NMR spectrum indicating a structural difference between the two states (Figure 
71). 

 
Figure 71: Solid-state 31P{1H} MAS NMR spectrum of III-1 (9.4 T, 161.9 MHz, SPINAL-64, 298 K) recorded at 

14 kHz (10 kHz).  

The two resonances in the spectrum mainly suggest different conformations of the trimeric 

species in solution and solid state, respectively. The phosphorus atoms P1 and P2 are in 

different crystallographic environments and, hence, two 31P resonances are expected in the 

solid-state NMR spectrum of III-1.  

Table 9: NMR data for [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) in solution and in solid state. 

 
Se-Trimer III-1 
(solution state) 

Se-Trimer III-1 
(solid state) 

δ  31P [ppm] −67.3 (s) −67.6 (s), −59.8 (s) 

1J(P,Se) [Hz] 428.5 - 

2J(P,P) [Hz] 19.5 - 

δ  77Se [ppm] 408.6 611.2-594.7 

1J(Se,P) [Hz] 428.5 - 
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These different environments become equivalent by a rotation around the P–Se bond in 

solution to account for the singlet observed in the solution 31P NMR spectrum. The 

comparison of NMR parameters in solution and solid state is depicted in Table 9. 

The melting point of the trimer III-1 is 169 °C, and no decomposition of the macrocycle is 

observed at RT over more than three days. Furthermore, no light and just low air sensitivity 

were observed over a longer period of exposure. The melting point of III-1 is thus significantly 

lower compared to the P–Se–P heterocycle reported by Wright et al. (235 °C)[193] and higher 

compared to Woollins’ macrocycles composed of P–Se–Se–P bonds (110 °C).[192] 

The IR spectrum of the P–Se-trimer III-1 shows some characteristic IR vibrations. The 

vibration at 2969 cm−1 is usually assigned to a C–H stretch vibration derived from the tBu 

groups. The area between 1456 and 1047 cm−1 is characteristic for P–N and P=N vibrations. 

The P–Se stretch could either be assigned to the IR band at 595 cm−1 or more likely to 

542 cm−1 like reported before for an acyclic P–Se–Se–P compound.[202] A strong Raman band 

at ca. 260 cm−1 should be observed for the Se–Se stretch in the trimer.[164] 

As mentioned before the different results in the 31P NMR data of III-1 in the solution state 

compared to the one in the solid state suggested two different conformations of the trimeric 

compound. To calculate the nature of the different conformers an ADF-calculation[291] was 

performed using a B3LYP-D3 data set with dispersion corrected potentials. The use of GGA 

DFT (PW91) and the hybrid approach (including HF correlation) B3LYP failed by optimisation 

of the flat structure that was observed for the solid state. Furthermore, the structure was 

simplified using methyl groups instead of tert-butyl groups.21 

The puckered conformation of III-1 (Figure 72, right hand side), calculated for the solution 

state, does not have a regular symmetry, so that one Se atom is placed under (or above) the 

other two selenium atoms. All the P atoms are distinct in this case, which means that the 31P 

solution state NMR spectrum is a result of conformational fluctuations and can be seen as an 

average. The puckered conformation is 7.4 kcal/mol (30.5 kJ/mol) more stable than the flat 

one (Figure 72, left hand side), calculated for the solid state. The Se ellipsoids in the crystal 

structure of III-1 are all elongated along the axis perpendicular to the plane of the macrocycle 

III-1. The calculated flat model reproduces the interatomic distances observed in the 

experimental structure quite well. The number of resonances in the 31P NMR spectrum 

supports the observation of this flat structure. The difference in the energy between the flat 

and the puckered motif, which is comparable to the conformational barrier of cyclohexane 

(chair vs. boat conformation at 25 °C was found to be 5.3 ± 0.3 kcal/mol),[203] appears to be 

small enough to be a result of packing effects.  
                                                 
21 The calculation was performed by Prof I. Vargas-Baca, McMaster University, Hamilton, Ontario, Canada. 
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Figure 72: Calculated planar (left side) and puckered (right side) structures of the trimer III-1 (carbon and 

hydrogen atoms are omitted). 

Furthermore, the calculated bond orders indicate that there is no meaningful Se⋅⋅⋅Se bonding 

interaction inside the ring system despite the fact that the observed Se⋅⋅⋅Se distance is 

smaller than the sum of van der Waals radii (vide supra).[81] Table 10 shows the calculated 

single and total energies for the two trimeric conformers of III-1. 

Table 10: Calculated single and total energies for conformers of III-1 (planar, puckered, difference). 

 ha ev kcal/mol kJ/mol 

Electrostatic Energy 
 
 

−12.682193 

−12.677524 

 

−345.1 

−344.973 

−7958.2 

−7955.27 

−33297.09 

−33284.83 

12.26 

Kinetic Energy  
 
 

15.9000639 

15.914295 

 

432.6628 

433.05 

9977.44 

9986.37 

41745.61 

41782.98 

37.37 

Coulomb Energy 
 
 

−2.6980818 

−2.73341027 

 

−73.4185 

−74.3987 

−1693.07 

−1715.68 

−7083.81 

−7178.39 

−94.58 

XC Energy 
 
 

−16.991886 

−16.983653 

 

−462.3727 

−462.1487 

−10662.57 

−10657.4 

−44612.19 

−44590.57 

21.62 

Dispersion 
 
 

−0.1185448 

−0.1212736 

 

−3.2258 

−3.3 

−74.39 

−76.1 

−311.24 

−318.4 

−7.16 

Total 
 
 

−16.590642 

−16.602258 

−0.0116163 

−451.4543 

−451.7704 

−0.3161 

−10410.79 

−10418.08 

−7.29 

−43558.72 

−43589.22 

−30.5 
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Considering the dimensions of the different energies the highest effect on the structural 

stabilisation can be found for the dispersion effects. Thus, dispersion is the most important 

factor in support of the flat structure, which also explains problems in the geometry 

optimisation of the flat structure. Moreover, no evidence towards stabilisation through Se⋅⋅⋅Se 

interactions was found. 
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B REACTIONS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) 

The reaction of the selenium trimer III-1 with three equivalents of iodine yielded the 

tetraselenide [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) as the major product. Additionally, 

protonation and the formation of a charge-transfer (C.-T.) adduct between a 

diselenocyclodiphosph(V/V)azane and iodine was observed in this reaction. The C.-T.-

complex (III-2a) is observed as a minor product of the reaction and was analysed by X-ray 

crystallography. 

 

Figure 73: Reaction of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with iodine resulting in the formation of [(tBuNP(µ-

NtBu)2PNtBu)(µ-Se4)] (II-4) and a charge-transfer adduct [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] • I2 (III-2a). 

Crystals of the charge-transfer complex of the diselenocyclodiphosph(V/V)azane (III-2a) 

suitable for an analysis by X-ray crystallography were obtained by crystallisation from toluene 

at RT.  

 

Figure 74: X-ray structure of an iodine charge-transfer complex of a diselenocyclodiphosph(V/V)azane (III-2a). 

Hydrogen atoms bonded to carbon atoms are omitted for clarity. Selected bond lengths (Å): N1–P1 1.686(7), N1–

P1’ 1.700(7), N2–P1 1.618(8), N2–H2 0.79(2), N3–P2 1.605(8), N3–H3 0.80(2), N4–P2 1.688(7), N4–P2’ 

1.692(7), P1–N1’ 1.700(7), P1–Se1 2.119(2), P2–N4’ 1.692(7), P2–Se2 2.098(2), I1–I2 2.8099(9), Se1–I2 

3.0258(13), Se2–I1 3.4067(12); angles (°): P1–N1–P1’ 96.2(4), P2–N4–P2’ 97.0(4), N2–P1–N1 109.2(4), N2–P1–
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N1’ 112.1(4), N1–P1–N1’ 83.8(4), N2–P1–Se1 112.4(3), N1–P1–Se1 118.8(3), N1’–P1–Se1 117.4(3), N3–P2–N4 

108.9(4), N3–P2–N4’ 110.8(4), N4–P2–N4’ 83.0(4), N3–P2–Se2 114.0(3), N4–P2–Se2 118.6(3), N4’–P2–Se2 

117.6(3), Se1–I2–I1 175.76, Se2–I1–I2 172.42. 

The crystal structure of (III-2a) exhibits two distinct diselenocyclodiphosph(V/V)azane 

molecules in the unit cell. One of the molecules shows a comparably strong interaction 

between the selenium atoms and the iodine molecules, which results in short Se–I distances 

(Se1–I2 3.0258(13) Å). In contrast the second diselenocyclodiphosph(V/V)azane molecule 

exhibits a weaker interaction with the iodine molecule and subsequently a longer Se–I 

distance (Se2–I1 3.4067(12) Å). 

Thus, the charge-transfer complex contains two almost linear Se–I–I fragments (Se1–I2–I1 

175.76 °) for one of these molecules in the crystal. Additionally, weak interactions between 

the two Se atoms of a second molecule with the iodine atoms (Se2···I1: 3.4067(12) Å) are 

observable. These two interactions result in two different P–Se bond distances (d(P1–Se1) 

2.119(2) Å and d(P2–Se2) = 2.098(2) Å). Both bonds are slightly longer than the one for the 

neutral molecule [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) (2.078(1)-2.070(1) Å).[152]  

The term charge-transfer (C.T.-complex; electron-donor acceptor) is derived from the fact 

that electron density is transferred from the non-bonding orbital of the selenium atom (donor) 

into the LUMO of the iodine molecule (acceptor). The LUMO is a σu* orbital and is located 

along the main axis of the iodine molecule and is thus consequently lowering its I–I bond 

order. This results in an increased bond length of 2.8099(9) Å (I1–I2), cf. 2.666 Å for iodine in 

the solid state, and thus in a weak iodine-iodine bond in III-2a (I–I vibration in the Raman 

should be nearly 180 cm−1 comparable to the one in the solid state of I2). 

  

Figure 75: Packing of III-2a along the a, b and c axis (colour scheme: N:blue, P:purple, Se:orange, I:magenta). 
 

The packing of III-2a is characterised by alternating chains, each composed of one kind of 

the diselenocyclodiphosph(V/V)azane (Figure 75, along c-axis). Furthermore, two Se–I–

I···Se interactions are visible resulting in short distances between the selenium and iodine 

atoms between the two scaffolds (Figure 76). 
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Figure 76: Interaction of two Se–I–I fragments in III-2a. 

Since it was expected that III-2a was formed by the reaction of the diprotonated 

[tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) with iodine, the reaction was performed 

deliberately (Scheme 50). This yielded a similar C.T.-complex III-2b. The observed 

compound is of the same formula but was shown to arrange differently in the solid state as 

demonstrated by single crystal X-ray crystallography. 

 

Scheme 50: Reaction of [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) with I2. 

Single crystals of this C.T.-complex III-2b were isolated after recrystallisation from n-hexane. 

The molecular structure of III-2b is depicted in Figure 77. The 31P NMR spectrum of the 

reaction mixture shows numerous resonances, which means that III-2b was only formed as a 

minor by-product. 

 
Figure 77: X-ray crystal structure of [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] • I2 (III-2b). 
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Hydrogen atoms bonded to carbon atoms are omitted for clarity. Selected bond lengths (Å): I1–Se2 2.8095(8), I1–

I2 2.8950(7), P1–N3 1.626(5), P1–N1 1.712(5), P1–N2 1.719(5), P1–Se1 2.0800(16), P2–N4 1.617(5), P2–N1 

1.671(5), P2–N2 1.672(5), P2–Se2 2.1704(16); angles (°): Se2–I1–I2 177.70(2), N3–P1–N1 109.2(2), N3–P1–N2 

107.6(2), N1–P1–N2 82.5(2), N3–P1–Se1 114.86(18), N1–P1–Se1 118.10(17), N2–P1–Se1 120.09(18), N4–P2–

N1 116.1(2), N4–P2–N2 117.7(3), N1–P2–N2 85.2(2), N4–P2–Se2 106.26(19), N1–P2–Se2 115.52(17), N2–P2–

Se2 115.59(18), P2–Se2–I1 101.60(5). 

As illustrated in Figure 77 the crystal structure of III-2b contains only one distinct molecule in 

contrast to III-2a, where two different molecules are present. The P–Se distances in III-2b 

are similar to those of III-2a with 2.0800(16) Å for the P1–Se1 bond (cf. 2.098(2) Å for III-2a) 

and 2.1704(16) Å for the P2–Se2 bond (Se2 connected to the I2-molecule, cf. 2.119(2) Å for 

III-2a). The I–I bond distance of 2.8950(7) Å in III-2b is significantly longer than that in III-2a 

(2.8099(9) Å). Thus, the adduct III-2b seems to be a stronger charge-transfer complex when 

compared to III-2a since electron density is transferred from the non-bonding orbital of the 

selenium atom into the LUMO of the iodine molecule, weakening the I–I bond (vide supra). 

The Se–I distance of 2.8095(8) Å (cf. 3.0258(13) Å for III-2a) supports this conclusion. 

 

Figure 78: Packing along the a, b and c axis of III-2b (colour scheme: N:blue, P:purple, Se:orange, I:magenta). 

As can be seen in the packing of III-2b, depicted in Figure 78, there is no interaction 

between the Se–I–I linkage and a selenium atom of another molecule like observed for III-2a.  

The reaction of the trimeric diselenide III-1 with a silver(I)-complex is covered in chapter IV. 
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C A SULFUR MACROCYCLE STABILISED BY P2N2 RINGS. 

The reaction of the sodium as well as the potassium and lithium salts of [tBuN(S)P(µ-

NtBu)2P(S)NtBu)]2− with one equivalent of iodine in solvents like THF led to the formation of 

the diprotonated precursor [tBu(H)N(S)P(µ-NtBu)2P(S)N(H)tBu)] (BP-2) only (monitored by 
31P NMR spectroscopy). 

The difference in the behaviour of the S and Se systems upon oxidation of the dianions with 

I2 may be related to the different stabilities of the initially formed intermediate. Thus, radical 

formation and rapid abstraction of hydrogen atoms from the solvent medium may be 

favoured for the sulfur systems when compared to the aforementioned selenium species.[157] 

To hinder the hydrogen abstraction benzene was used instead of THF or toluene to yield a 

stable derivative incorporating S–S bonds. Thus, it was expected that the hydrogen 

abstraction in benzene is energetically less favoured. Consequently, the reaction of the 

sodium derivative of [tBuN(S)P(µ-NtBu)2P(S)NtBu)]2− with one equivalent of iodine in 

benzene at RT gave the trimer (III-3) in which disulfido groups are bridged by 

diimidocyclodiphosph(V/V)azane (P2N2) rings (Scheme 51). 

 
Scheme 51: Formation of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3). 

The purification process of III-3 involves simply filtration due to its good initial solubility in 

benzene giving a yield of about 22 %. However, after the removal of benzene it is no longer 

possible to redissolve III-3 in the same solvent at RT. More III-3 contaminated (with NaI) was 

found in the precipitate that was filtered off. Purification of this extra material was not 

possible, mainly due to its lability upon treatment with solvents such as THF combined with 

its insolubility in non-polar solvents such as benzene after solidification. The major 

decomposition product in these attempts was again the diprotonated [tBu(H)N(S)P(µ-

NtBu)2P(S)N(H)tBu)] (BP-2).  
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Crystals of the disulfide trimer [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3) suitable for single 

crystal X-ray structure analysis were obtained by crystallisation from a n-hexane/ 

tetrahydrofuran mixture. The molecular structure of III-3 is illustrated in Figure 79. 

 
Figure 79: X-ray structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3).  

A rotational disorder of one of the tBu groups and hydrogen atoms are omitted for clarity. Selected bond 

lengths (Å): S1–S2’ 2.121(2), P1–S1 2.127(2), P2–S2 2.124(3), P1–N2 1.500(6), P1–N1 1.680(4), P1–N1’ 

1.680(4), P2–N3 1.501(6), P2–N1’ 1.690(4); selected angles (°): N2–P1–N1 125.7(2), N1–P1–N1’ 83.5(3), N2–

P1–S1 106.6(2), N1–P1–S1 106.15(15), N3–P2–N1’ 119.2(2), N3–P2–N1’ 119.2(2), N1–P2–N1’ 82.9(3), N3–P2–

S2 109.9(2), N1–P2–S2 111.62(16), S2’–S1–P1 98.83(9), S1’–S2–P2 100.88(10). One of the tert-butyl groups as 

well as the solvent benzene molecule with carbon atoms (C2, C3, C4 and C11) are disordered over two positions. 

As illustrated in Figure 79 the sulfur analogue III-3 of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) 

is isostructural to the selenium compound. Consistently, it also shows a dihedral P–S–S–P 

angle of 180°. The P–S bond distances of 2.124(3)-2.124(3) Å are slightly longer than those 

in acyclic P–S–S–P systems, e.g. [(MeO)An(S)P–S]2 (2.1154(7) Å), [(MeO)Fc(S)P–S]2 

(2.0995(13) Å) or [(iPrO)Fc(S)P–S]2 (2.1087(12) Å).[204]  

In contrast the S–S bond length of 2.121(2) Å is elongated when compared to the literature 

examples (cf. 2.0849(7) Å, 2.0746(19) Å and 2.0808(18) Å).[204] The space-filling model, as 

depicted in Figure 80, shows an extremely small cavity that is not applicable for host-guest 

chemistry. Furthermore, III-3 shows a higher air-sensitivity when compared to its selenium 

analogue III-1. 
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Figure 80: Left: Space-filling model of the molecular unit of III-3. Carbon and hydrogen atoms are omitted for 

clarity. Right: Molecule shown along the mean plane. 

The solution-state 31P NMR spectrum of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3) (taken from 

the reaction mixture, measured with a C6D6 capillary) consists of a singlet at −48.7 ppm. As 

for the selenium derivative the solid-state 31P NMR spectrum exhibits two resonances at 

−61.0 and −34.2 ppm, respectively. 

 
Figure 81: Solid-state 31P{1H} MAS NMR spectrum of III-3 (9.4 T, 161.9 MHz, SPINAL-64, 298 K) recorded at 

14 kHz (10 kHz).  

Figure 81 illustrates the solid-state 31P{1H} MAS NMR spectrum of [(tBuNP(µ-

NtBu)2PtBuN)(µ-S2)]3 (III-3). In addition to the signals assigned for III-3 (purple and red bands 

in Figure 81) the spectrum shows a signal at 40.0 ppm that can be assigned to the 

diprotonated species [tBu(H)N(S)P(µ-NtBu)2P(S)N(H)tBu)] (BP-2, blue band in Figure 81). 
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As NMR and X-ray parameters for the sulfur derivative III-3 match the ones for the selenium 

system III-1, it can be concluded that the [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 III-3 is also 

stabilised mainly by dispersion effects in the solid state (showing a flat conformation), where 

a puckered structure and free rotation around the P–S bonds can be expected for the 

molecule in solution.  
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D PHOSPHORUS-TELLURIUM DERIVATIVES 

As mentioned in chapter II, Chivers et al. reported the synthesis and structural 

characterisation of alkali metal derivatives of two anionic ligands each of which contained two 

terminal P–Te functionalities (viz. [Na(TMEDA)][Te(PPh2N)2] and 

[Li(TMEDA)]2[{TeP(NtBu)(µ-NtBu)}2] (P-1)).[48] Furthermore, the novel [Na(TMEDA)]2 

[{TeP(NtBu)(µ-NtBu)}2] (II-2, P-2) was introduced in chapter II. 

It was expected that the mild oxidation of the dianion [{TeP(NtBu)(µ-NtBu)}2]2− under very 

mild conditions (low temperature) could generate P–Te macrocycles similar to the 

aforementioned trimeric dichalcogenide species [(tBuNP(µ-NtBu)2PtBuN)(µ-E2)]3 (E = S, Se). 

Instead the formation of the cyclic tritelluride II-4 was observed, when the sodium or lithium 

salts of [{TeP(NtBu)(µ-NtBu)}2]2− were reacted with one equivalent I2 in THF. To further 

investigate the oxidative behaviour of [{TeP(NtBu)(µ-NtBu)}2]2−, reactions with smaller 

amounts of iodine (0.5 equivalents) were performed. 

Thus, the treatment of the ditellurido dianion [Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2− (as its 

dilithium derivative)[48] (P-1) with a one-half molar equivalent of I2 led to the isolation of the 

unusual ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) in a yield of about 

33 % (according to the 31P NMR spectrum) (Scheme 52). 

 

Scheme 52: Formation of the unusual planar ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) . 

The compound is extremely sensitive, especially upon exposure to air but also in solution. 

This precluded the complete characterisation of the system including 125Te NMR, mass 

spectrometry or elemental analysis. 

However, recrystallisation of the solid in n-hexane at −40 °C afforded black crystals, which 

were analysed by X-ray crystallography. The molecular structure of 

[Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) is illustrated in Figure 82. 
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Figure 82: Molecular structure of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2.  

Hydrogen atoms, disordered tBu groups as well as the toluene solvent molecules have been omitted for clarity. 

Selected bond lengths (Å) and angles (o): Te1–Te1ʹ′ 2.7772(8), Te1–P1 2.4971(18), Te2–P2 2.3956(18), N4–Li1 

2.005(9), Te2–Li1 2.853(12), P1–N1 1.509(6), P2–N4 1.565(6), P–Nbridging(range) 1.682(4)-1.711(4), N5–Li1 

2.167(9), P1–Te1–Te1’ 104.43(4). 

As depicted in Figure 82 the dianion [Te(tBuN)P(µ-NtBu)2P(NtBu)Te]22− in III-4 is comprised 

of a central ditellurido unit that links two PV
2N2 rings, each of which has exocyclic Te and 

NtBu substituents that are N,Te-chelated to the TMEDA-solvated Li+ counterions. The 

ditelluride dianion [Te(tBuN)P(µ-NtBu)2P(NtBu)Te]22− in III-4, which can be viewed as an 

intermediate in the formation of a macrocyclic or oligomeric species, exhibits a planar P–Te–

Te–P conformation, similar to that observed in the macrocyclic systems III-1 and III-3 (vide 

supra). 

The 31P NMR spectrum of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) in [D8]toluene 

exhibits two single resonances at δ = −83.9 ppm and −122.6 ppm with 1J(P,Te) = 1670 and 

1219 Hz, respectively, reflecting the disparity in the P–Te bond lengths [d(P2–Te2)= 2.396(2) 

and d(P1–Te1) = 2.497(2) Å]. The Te–Te bond length in [Li(TMEDA)]2[Te(tBuN)P(µ-

NtBu)2P(NtBu)Te]2 (III-4) is 2.755(3) Å, cf. 2.70-2.71 Å for typical aryl ditellurides,[205] 2.75-

2.76 Å for ditellurides supported by an intramolecular Te···N interaction,[206] and 2.77 Å for 

the bulky derivative (TpsiTe)2 (Tpsi = tris(phenyldimethylsilyl)methyl).[207] 

Atypically, the ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) is perfectly 

planar (∠(P–Te–Te–P) = 180.0°). The only other examples of antiperiplanar ditellurides are 

bis(chloro-2-pyridyl) ditelluride[208], 22 and the diacyl ditelluride (2-MeOC6H4COTe)2,[209], 23 

                                                 
22 The acute C–Te–Te angle of 85.8(1)° for this derivative suggests a significant intramolecular N···Te interaction, but this 

parameter is not discussed in the paper.[208] 
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which exhibit intramolecular heteroatom-tellurium interactions and (TpsiTe)2 for which the 

antiperiplanar conformation is imposed by the bulky substituents.[207] The Te···Te distance of 

3.889 Å in [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) is shorter than the sum of 

van der Waals radii of two Te atoms (4.12 Å).[81, 210] Moreover, the closely related neutral 

ditelluride [(tBuNH)P(µ-NtBu)2P(NtBu)Te]2 (III-6), which has a similar steric environment for 

the Te–Te linkage, exhibits a dihedral angle of −123.8° and a Te–Te bond length of 

2.7204(9) Å (Figure 85). 

In view of these observations, DFT calculations24 were carried out to probe whether the 

conformation of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) is stabilised by 

intramolecular Te···Te secondary bonding interactions (3.889 Å). Satisfactory structures 

were obtained from geometry optimisations (PBE-D3, TZP, ZORA) for planar and synclinal 

models of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) and [(tBuNH)P(µ-

NtBu)2P(NtBu)Te]2 (III-6, vide infra) simplified using Me groups instead of tBu. In both 

instances the planar conformations were higher in energy, by 8 and 37 kJ mol−1 for the 

models of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) and [(tBuNH)P(µ-

NtBu)2P(NtBu)Te]2 (III-6), respectively. Preferred P–Te–Te–P torsion angles are 98° for the 

former (III-4) and 90° for the latter (III-6). The small difference of energy suggests that the 

conformation observed in the crystal structure of [Li(TMEDA)]2[Te(tBuN)P(µ-

NtBu)2P(NtBu)Te]2 (III-4) is imposed by packing forces. Further analysis on the electronic 

structures of the [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) models failed to identify 

a particular orbital interaction or contribution from dispersion that would help stabilise the 

antiperiplanar geometry. 

In contrast to the aforementioned reaction of the lithium salt of [Te(tBuN)P(µ-

NtBu)2P(NtBu)Te]2−, treatment of [Na(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te] (II-2, P-2), 

as introduced in chapter II, with 0.5 equivalents of iodine led to a different species. The 

compound was identified as [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) 

exhibiting two dianionic ligands and a Te2+ centre (Scheme 53).  

The majority of compound III-5 precipitates from the reaction mixture in toluene, which 

complicated 31P NMR characterisation from the reaction mixture. Filtration and redissolving 

the product in THF or acetonitrile led to decomposition, which complicated further 

characterisation by NMR spectroscopy and a reliable determination of the yield.  

 
                                                                                                                                                      
23 The planarity of this derivative is attributed to intramolecular non-bonded interactions between the carbonyl oxygen atoms 

(rather that the methoxy oxygen atoms) and the tellurium atoms.[209] 

24 Performed by I. Vargas-Baca, McMaster University, Hamilton, Ontario, Canada. 
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Scheme 53: Reaction of [Na(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te] (II-2, P-2) with 0.5 eq. of I2. 

The formation of III-5 could be the result of a reaction of rapidly formed cyclic tritelluride 

[(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) and the remaining dianionic starting material P-2.  

A few crystals suitable for X-ray analysis were isolated after the compound was redissolved 

in n-hexane and stored at −40 °C. The extremely low solubility in n-hexane and toluene 

precluded the isolation of a larger amount of purified sample. The crystal structure of 

[Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) is depicted in Figure 83.  

 

Figure 83: X-ray crystal structure of [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5). 

Hydrogen atoms and one toluene molecule (disordered methyl group) are omitted for clarity. Selected bond 

lengths (Å) and angles (°): Te1–P1 2.444(4), Te1–Te5 3.0268(17), Te2–Te5 3.0258(17), Te2–P2 2.442(4), Te3–

Te5 3.0152(18), Te3–P3 2.445(4), Te4–Te5 3.0144(18), Te4–P4 2.438(4), P1–Na1 3.145(7), P1–N1 1.557(13), 

P1–N3 1.694(13), P1–N4 1.697(13), P2–Na1 3.175(7), P2–N2 1.564(13), P2–N3 1.710(13), P2–N4 1.698(13), 

Na1–N1 2.585(14), Na1–N2 2.637(13), Na1–N9 2.521(14), Na1–N10 2.607(13); Te5–Te1–P1 95.36(10), Te5–

Te2–P2 95.54(10), Te5–Te3–P3 94.99(11), Te5–Te4–P4 94.53(11), Te1–Te5–Te2 105.61(5), Te1–Te5–Te3 

74.47(4), Te1–Te5–Te4 176.80(5), Te2–Te5–Te3 176.24(5), Te2–Te5–Te4 75.85(4), Te3–Te5–Te4 103.87(5), 

Te1–P1–Na1 173.3(2), Te1–P1–N1 121.0(5), Te1–P1–N3 110.0(4), Te1–P1–N4 109.8(4), Na1–P1–N1 54.9(5), 

Na1–P1–N3 69.6(4), Na1–P1–N4 76.9(4), N1–P1–N3 113.3(6), N1–P1–N4 113.4(6), N3–P1–N4 82.9(6), Te2–

P2–Na1 175.0(2), Te2–P2–N2 121.1(5), Te2–P2–N3 111.1(4), Te2–P2–N4 109.1(4), Na1–P2–N2 55.9(5), Na1–

P2–N3 68.6(4), Na1–P2–N4 76.0(4), N2–P2–N3 113.1(6), N2–P2–N4 113.6(6), N3–P2–N4 82.4(6). 
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The dianion in [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) can be viewed as 

a Te2+ complex coordinated to two Te,Te’-chelating dianions [Te(tBuN)P(µ-

NtBu)2P(NtBu)Te]2−. The central, cross-shaped Te5 motif in (III-5) has several structurally 

characterised precedents, e.g. the polymeric species As2Te5
2−[211], KSnTe5 or RbSnTe5

[212] 

and {[Ga(en)3]2(Ge2Te15)}n
[213] as well as the bicyclic octatelluride dianion in [K(15-crown-

5)2]2Te8
[214] and a thulium coordination complex.[215]  

Similarly to III-5, the octatellurideion in [K(15-crown-5)2]2Te8
[214] exhibits a Te2+ centre that 

chelates to a Te3
2− as well as to a Te4

2− to form a spirocyclic Te8
2− system.[214] The Te5 motif 

in the dianion As2Te5
2− exhibits structural parameters that are similar to that observed for 

[Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5).[211] For example, the Te–Te 

bond distances of 3.0144(18)-3.0268(17) Å are comparable to those in As2Te5
2− (d(Te–Te) = 

3.009(3)-3.058(2) Å)[211] or Te8
2− (d(Te–Te) = ~ 3.03 Å).[214] Compared to the ditelluride III-4 

(Te1–Te1ʹ′ 2.7772(8) Å) or the cyclic tritelluride II-4 (2.7155(4)-2.7158(4) Å) they are 

significantly elongated.  

However, the angles ∠(Te1–Te5–Te2) = 105.61(5)° and ∠(Te3–Te5–Te4 = 103.87(5)° of III-

5 are significantly larger when compared to those in As2Te5
2− (91.20(7)°) (cf. ∠(Te–Te–Te) in 

the cyclic tritelluride II-4 = 104.500(14)°) and the angles ∠(Te2–Te5–Te4) = 75.85(4)° and 

∠(Te1–Te5–Te3) = 74.47(4)° are smaller (cf. As2Te5
2− 88.80(7)°). The diagonal angles of 

176.24(5)° ∠(Te2–Te5–Te3) and 176.80(5)° ∠(Te1–Te5–Te4) are close to the 180° 

observed for As2Te5
2− (180°).[211]  

The P–Te distances of 2.444(4), 2.442(4), 2.445(4) and 2.438(4) Å are significantly shorter 

than those observed for the neutral tritelluride system [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) 

(2.5317(10)-2.5405(10) Å), which showed a 1J(P,Te) of 1029 Hz. In contrast the P–Te bonds 

of its dianionic precursor [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2, P-2) are with 

2.418(2)-2.422(2) Å (1J(P,Te) of 1590 Hz) slightly shorter than those in the Te5 unit of III-5.  

The measurement of the 31P NMR spectrum from the reaction mixture (toluene) with a 

capillary containing deuterated benzene gave a main resonance at −73.7 ppm and satellites 

revealing a 1J(P,Te) of 1198 Hz. This 1J(P,Te) value is consistent with the trend in P–Te 

distances (of III-5 compared to II-4 and II-2), as it is between the coupling constants 

observed for the tritelluride II-4 (1J(P,Te) of 1029 Hz) and that for the precursor species II-2 

(P-2) (1J(P,Te) of 1590 Hz). However, the resonance cannot be unambiguously assigned to 

III-5 on the basis of the 1J(P,Te) to d(P–Te) correlation (vide supra). 
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As the isolation of the two dianionic species [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 

(III-4) and [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) in good yields proved 

to be extremely challenging, reactions of the compound were performed in situ and followed 

by 31P NMR spectroscopy. In both cases the same main resonance at −134.5 ppm (1J(P,Te) 

= 1029 Hz) was observed after the addition of another 0.5 equivalents of iodine. This 

resonance was shown to represent the aforementioned cyclic tritelluride [(tBuNP(µ-

NtBu)2PNtBu)(µ-Te3)] (II-4) (Scheme 54). 

 

Scheme 54: Formation of the tritelluride II-4 upon oxidation of III-4 (A) and III-5 (B). 

Interestingly, the isolation and structural characterisation of a metal (Rh) complex of the 

[Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) dianion was observed and is 

discussed in chapter IV (compound IV-10). 
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D THE DITELLURIDE [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 AND THE TRITELLURIDE 

[(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2µ-Te]  

In numerous reactions using the lithium or sodium derivative of the dianion [Te(tBuN)P(µ-

NtBu)2P(NtBu)Te]2− as the starting material the ditelluride [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 

(III-6) as well as the tritelluride [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2µ-Te] (III-7) were observed 

as by-products (Figure 84). Both were identified by X-ray crystallography and 31P as well as 
125Te NMR spectroscopy. 

 

Figure 84: Structural representations of the ditelluride [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) and the tritelluride 

[(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7).  

As a by-product from the reaction of [Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2− with iodine (0.5, 1.0 or 

2.0 equivalents) red crystals were isolated suitable for X-ray crystallography. The crystals 

were observed after a recrystallisation from n-hexane at −40 °C and identified as the neutral 

ditelluride [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) (Figure 85). 

 
Figure 85: X-ray crystal structure of [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Te1’ 2.7204(9), Te1–P1 

2.552(2), P1–N1 1.666(6), P1–N2 1.670(6), P1–N3 1.493(5), P2–N1 1.740(6), P2–N2 1.746(6), P2–N4 1.658(5), 

N1–C1 1.492(9); Bond angles (°): Te1‘–Te1–P1 106.45(5), Te1–P1–P2 121.38(7), Te1–P1–N1 110.15(19), Te1–

P1–N2 111.58(19), Te1–P1–N3 108.5(3), N1–P1–N2 84.4(3), N1–P1–N3 121.4(3), N2–P1–N3 119.0(3), N1–P2–

N2 80.0(3), N1–P2–N4 106.0(3), N2–P2–N4 104.5(3), P1–N1–P2 97.9(3), P1–N1–C1 133.4(5), P2–N1–C1 

128.7(5), P1–N2–P2 97.5(3); Torsion angle (°): P1–Te1–Te1’–P1’ 123.84(6). 
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In contrast to the planar ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) the 

structure of [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) is twisted with a P–Te–Te–P torsion angle 

of 123.84(6)° (P–Te–Te–P torsion angle of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-

4) is 180.0°). The Te1–Te1’ bond distance of 2.7204(9) Å is slightly shorter than that of the 

planar ditelluride III-4 (i.e. d(Te1–Te1ʹ′) 2.7772(8) Å). Consistently, the phosphorus-tellurium 

bond length in III-6 of 2.552(2) Å is significantly elongated (cf. d(Te1–P1) = 2.4971(18) Å in 

III-4), representing a rather long P–Te single bond, which is comparable to those of the cyclic 

tritelluride [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) (2.5317(10)-2.5405(10) Å). 

The 31P NMR spectrum of [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) consists of two signals at 

70.7 ppm and −70.7 ppm, respectively. The tellurium satellites for the signal at 70.7 ppm 

(assignable to P2) reveal a 3J(P,Te) of 174 Hz and the satellites at −70.7 ppm a 1J(P,Te) of 

1536 Hz. The latter P–Te coupling constant is much higher than expected for a compound 

with the P–Te bond distance of 2.552(2) Å. In comparison, the monotelluride 

[tBu(H)N(Te)P(µ-NtBu)2PN(H)tBu] with a terminal P=Te bond shows a 1J(P,Te) of 2024 Hz 

with a P–Te bond length of only 2.370(1) Å.[156] This raises the question whether the structure 

of III-6 is significantly different in the solid and solution states (e.g. partially dissociating in 

solution). However, the 125Te NMR spectrum exhibits one doublet at 207.0 ppm with a 
1J(P,Te) of 1536 Hz. 

The 31P NMR spectrum of the reactions of the [Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2− dianion with 

iodine revealed that another side product is formed. This species was shown to be the 

acyclic tritelluride [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7). Furthermore, in the reaction 

of [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te] (P-1) with AuCl•THT or Ph3SbCl2 the 

[(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7) was isolated. The crystals appear in the form 

of orange platelets after a recrystallisation from n-hexane at −40 °C (Figure 86). 

 

Figure 86: X-ray crystal structure of [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7). 



CHAPTER III: PHOSPHORUS-CHALCOGEN MACROCYCLES INCORPORATING P2N2 SCAFFOLDS 

 130 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Te2 2.6949(7), Te2–P1 

2.5280(17), P1–N1 1.523(6), P1–N3 1.670(6), P1–N4 1.672(6), P2–N2 1.676(6), P2–N3 1.741(6), P2–N4 

1.749(6); Te2–Te1–Te2’ 106.32(3), Te1–Te2–P1 101.47(4), –P1–N1 112.1(2), Te2–P1–N3 108.0(2), Te2–P1–N4 

108.5(2), N1–P1–N3 121.0(3), N1–P1–N4 119.8(3), N3–P1–N4 84.1(3), N2–P2–N3 103.2(3), N2–P2–N4 

105.4(3), N3–P2–N4 79.8(3), P1–N1–C1 147.3(5), P2–N2–C5 128.8(5), P1–N3–P2 98.1(3). 

[(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7) is another example of a tritelluride, extending 

the small family of structurally characterised tritellurides reported to date (cf. Figure 41). The 

P–Te bond length of 2.5280(17) Å is comparable to that in the cyclic tritelluride [(tBuNP(µ-

NtBu)2PNtBu)(µ-Te3)] II-4 (2.536(1) Å) and the acyclic tritelluride [{tBuN(H)P(µ-

NtBu)2PN(tBu)P(Fc)}2(µ-Te3)] II-9 (2.522(5) Å) but significantly longer than that in the cationic 

tritelluride [tBuPTe3PtBu][SbF6] (2.492(3)-2.505(4) Å) reported before.[48] In contrast, the Te–

Te bond length in III-7 of 2.6949(7) Å is shorter than that in II-4 (2.716(1) Å) and 

[tBuPTe3PtBu][SbF6] (2.713(1)-2.715(2) Å) but similar to that in II-9 (2.704(2) Å). The angle 

∠(Te–Te–Te) of 106.32(3)° is within the range for other acyclic tritellurides reported in 

literature (cf. 109.0° for [tBuPTe3PtBu][SbF6] and 105.8° for (8-Me2NC10H7)2Te3)),[63, 163] 

whereas this angle is significantly smaller for II-9 (100.92(7)°). 

The 31P NMR spectrum of [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7) consists of two 

doublets (2J(P,P) = 30 Hz) at 65.6 ppm (attributable to the P2 atom) and at −83.4 ppm (P1) 

with satellites revealing a 1J(P,Te) of 998 Hz. This coupling constant is confirmed by a 

doublet in the 125Te NMR spectrum centred at 417.4 ppm. The resonance for the central Te1 

atom appears as a multiplet at 263.3 ppm. The rather low coupling constant for the P1–Te2 

bond is consistent with the long bond distance of 2.5280(17) Å (cf. the cyclic tritelluride II-4 

with d(P–Te) = 2.536(1) Å and 1J(P,Te) of 1029 Hz). 
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III.3  CONCLUSION AND FUTURE WORK 

A CONCLUSION 

By mild oxidation of a sodium or potassium salt of [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = S, 

Se) it was possible to prepare selectively chalcogenide trimers bridged by P2N2 scaffolds 

(viz. [(tBuNP(µ-NtBu)2PtBuN)(µ-E2)]3 (E = Se (III-1) and S (III-3)). Both compounds are 

almost insoluble in organic solvents such as THF, toluene or n-hexane and easily 

decompose to the neutral precursors [tBu(H)N(E)P(µ-NtBu)2P(E)N(H)tBu)] (E = Se (BP-1), S 

= (BP-2)), by taking hydrogen atoms from the solvent. The trimeric macrocycles exhibit a 

planar conformation in the solid state and a puckered form in solution, as was shown by a 

combination of X-ray crystallography and 31P NMR spectroscopy (in solution and solid state) 

in conjunction with DFT calculations. 

The reaction of the ditellurido anion [tBuN(Te)P(µ-NtBu)2P(Te)NtBu)]2− with one equivalent of 

iodine yielded the cyclic tritelluride II-4 instead of a macrocyclic system. The reaction of the 

lithium salt of [tBuN(Te)P(µ-NtBu)2P(Te)NtBu)]2− (P-1) with 0.5 eq. I2 gave an unusual planar 

ditelluride [Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4), whereas the use of the 

sodium derivative P-2 produced [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5), 

which exhibits a cross-shaped Te5 centre. 

B FUTURE WORK 

The oxidative route using iodine could lead to different ring sizes and/or linear oligomers with 

–E–E– (S, Se, Te) bridges depending on reaction conditions, e.g. by varying the 

concentration of reagents or on the manipulation of the starting materials, e.g. the use of 

other substitutents than tBu-groups at the nitrogen atoms (Me, iPr, Ph, Ad etc.).25 The use of 

metal ion templates may also generate ring systems of different sizes. 

Additionally future work on the characterisation and regarding the reactivity of the newly 

formed trimers should be performed. An objective could be the preparation of a cation radical 

or a dichalcogen cation by oxidation with a NO+ salt as reported recently by Mueller et al., for 

dialkyl dichalcogenides.[216] The behaviour of these macrocycles towards soft metal centres 

like Ag+ or Cu+ will be discussed in chapter IV. 

Apart from the fundamental interest in macrocycles as synthesised in this work, these 

systems could have applications in host-guest chemistry, e.g. the incorporation (detection) of 

halide ions. Future work could focus on testing the macrocycles regarding these applications, 

especially for systems with larger ring sizes. 

                                                 
25 Methyl groups could be an interesting alternative, since smaller groups favour larger ring sizes. 
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The results presented in chapter II and III give rise to the possibility of synthesising 

macrocycles with organic spacers between P2N2-based building blocks. These new materials 

would have larger cavities than III-1 and III-3 thus allowing for the entrapment of specific 

metal ions using the soft chalcogen centres as donor atoms. The syntheses could involve the 

reactions of known dianionic reagents with a variety of organic dihalides as presented in 

Figure 87. 

 

Figure 87: Proposed future investigations of the reactions of [tBuN(E)P(µ-NtBu)2P(E)NtBu)]2− (E = S, Se, Te) with 

organo di- and polyhalides.  

The novel semi-organic macrocycles may be used as new materials with unusual and new 

properties or as molecule carriers in host-guest chemistry. For instance the approach offers 

potential to synthesise tailor-made agents that can be used in the removal of specific heavy, 

toxic metal cations. Furthermore, the compounds are expected to be subject to unusual 

redox properties and ability to stabilise low-oxidation-state metals. 
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CHAPTER IV: METALLOCYCLES ON THE BASIS OF 

CHALCOGENATED P2N2 COMPOUNDS 

 

To date, a significant number of metal complexes based on PNP and P2N2 systems were 

reported in the literature, with an extremely wide range of applications. The chalcogenated 

derivatives of bis(amido)cyclodiphosph(V)azanes (P2N2) were investigated to a lower degree 

but could be useful precursors towards metal chalcogenide thin films or nanoparticles as was 

shown for the dichalcogenated PNP analogues. In this chapter we report intriguing P2N2 

based metallocycles and novel transition metal complexes that demonstrate the versatility of 

the dianionic dichalcogenated systems [tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se, Te) 

regarding their coordination chemistry. 
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IV.1  INTRODUCTION 

A INTRODUCTION INTO P2N2-BASED COORDINATION CHEMISTRY 

The coordination chemistry of dianionic bis(amido)cyclodiphosph(III)azanes was reviewed 

before by Stahl and Keat.[139, 217] It was shown that these P2N2 systems exhibit an outstanding 

versatility as N-donor ligands and coordination to almost any main group metals, metalloids 

and even non-metals, with a predominant coordination to the nitrogen atom of the amido 

groups (Figure 88).[139, 148]  

 

Figure 88: Coordination modes of cyclodiphosph(III)azanes with main group elements.[139, 148] 

Furthermore, different coordination complexes of neutral cyclodiphosph(III)azanes, where 

metals such as Pd, Ru, Rh, Ir, Pt, Au or Cu coordinate to one or two phosphorus atoms, 

have been discussed (Figure 89).[e.g. 218, 219] 

 

Figure 89: Coordination modes observed for P-coordination on cyclodiphosph(III)azanes.[218] 

For example, an intriguing P-coordinated cyclodiphosph(III)azane system was observed in a 

tetranuclear rhodium macrocycle ([Rh2(µ-Cl)2(CO)2{(tBuNP(OC6H4OMe-o))2-κP]2), which was 

shown to be reversibly convertible to trans-[Rh(CO)Cl{(tBuNP(OC6H4OMe-o))2-κP}2] 

(Scheme 55).[218, 220] 

 
Scheme 55: Reversible transformation of a tetranuclear Rh(I) macrocycle.[220]  
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These examples demonstrate that bis(amido)cyclodiphosph(III)azanes exhibit N- and P-

coordination of transition metals and most main group elements. In mono- and 

dichalcogenated PV-systems the phosphorus centres are no longer available as donor sites, 

consequently coordination occurs predominantly via the chalcogen atoms.[1, 45] 

B DICHALCOGEN PNP-BASED COORDINATION CHEMISTRY 

Transition metal complexes and especially metallocycles of heavier chalcogen derivatives 

(selenium and tellurium) of P2N2 systems (bisamidocyclodiphosphazane dichalcogenides) 

are comparably rare. However, the related chalcogenated PNP ligands (I: 
iminobis(diorganophosphane chalcogenide)s II: dichalcogenoimidodiphosphinates) showed 

an extremely large versatility regarding coordination chemistry, which includes coordination 

to almost all metallic and semi-metallic elements of the periodic table.[1, 45, 221, 222] Further 

literature emphasises the structural, spectroscopic and magnetic behaviour of 

M[R2P(E)NP(E)R’2]2 (M = Co, Mn; E = S, Se)[223] as well as a comprehensive discussion of 

the common coordination modes that can be observed for these systems (Figure 90).[1] 

 
Figure 90: Coordination modes observed for PNP systems.[1] 

The results presented by Chivers et al. feature high relevance26 for this work. The group 

reported a series of intriguing metallocycles based on the dichalcogenated PNP systems. 

Some of them were shown to be useful precursors for AACVD applications.[224] The reaction 

of Na(TMEDA)[N(iPr2PTe)2] with transition metal halides such as CuCl or AgI in THF 

produced the copper(I) complex {Cu[N(iPr2PTe)2]}3 (Figure 91 A) with a distorted Cu3Te3 

ring, the hexameric silver(I) complex {Ag[N(iPr2PTe)2]}6 (Figure 91 B) incorporating a cyclic 

Ag6Te6 motif as well as the tetrameric silver species {Ag[N(Ph2PTe)2]}4 (Figure 91 C).[224] 

Furthermore, the monomeric gold complex Au(PPh3)[N(iPr2PTe)2] was obtained by using 

AuCl•THT.[224] 

Whereas the copper complex was successfully used for the deposition of copper telluride 

thin films, the gold complex was shown to deposit gold telluride (AuTe2) thin films.[224] 

                                                 
26 The reactivity of the starting materials P-1, P-2, P-3 and P-4 ([tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se, Te) is comparable to 

the reactivity of the [N(iPr2PE)2]− (E = S, Se, Te) systems discussed in chapter II. In both systems metathetical reactions are 

widely used to produce novel coordination complexes (vide infra). 
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Figure 91: Structures of PNP-based tellurium metallocycles.[224] 

The isolation of a series of dimeric gold(III) complexes [{R2PNP(Te)R2}Au(µ-Te)]2 (R = Ph, 

iPr, tBu) was achieved by reacting [Na(TMEDA)[N(R2PTe)2] (R = Ph, iPr, tBu) with AuCl•THT 

(Scheme 56).[62] 

 

Scheme 56: Synthesis of dimeric PNP based Au(III) tellurium complexes.[62] 

These gold(III) complexes were shown to exhibit reversibility between an Au(III) and an Au(I) 

centre. Whereas the oxidation of Au(I)Cl•THT to Au(III) was achieved via insertion of gold 

into a P–Te bond of [Na(TMEDA)[N(iPr2PTe)2] (Scheme 56), the addition of PPh3 produced 

Au(I) species of the formula Ph3PAu[N{TeP(iPr)2}2] (Scheme 57).[62] 

 
Scheme 57: Transformation of an Au(III) complex to two Au(I) systems.[62] 
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incorporating the rare U–Te and La–Te bonds.[56] The related sulfur and selenium systems 

U[N(EPPh2)2]3 (E = S, Se) have also been reported.[226]  

C DICHALCOGENO P2N2-BASED COORDINATION CHEMISTRY 

As mentioned before dichalcogenido P2N2-supported transition metal complexes have rarely 

been investigated until today. Aside from the transition metal chemistry, alkali and earth alkali 

metal salts that were introduced in chapter II, an aluminium complex, tin complexes and 

tellurium complexes were reported before (cf. chapter II).[148] 

Coordination modes of bis(amido)cyclodiphosphazane dichalcogenides usually include the 

E,E’-chelation, the N,N’-chelation mode or N,N’,N’’-chelation (observed for a Mg complex) for 

dianionic systems as well as N,E-chelation for monoanionic systems (Figure 92).[148, 227]  

 

Figure 92: Common coordination modes of bis(amido)cyclodiphosphazene-based dichalcogenides (E = S, 

Se).[1, 148] 

In terms of transition metal complexes a series of sulfur based Pt, Pd and Cu complexes 

were reported with N,E-chelation as well as the soft E,E’-chelation modes involved.[228] Thus, 

the species (PPh3)-CuL, NiL2, PdCl(L)(PPh3), PdL2 (L = [(tBuN)(S)P(µ-NtBu)2P(S)(NHtBu)]−) 

and Pt(PEt3)2[(tBuN)(S)P(µ-NtBu)2P(S)(NtBu)] could be isolated and characterised (Figure 

93).[228] Furthermore, the dimeric nickel system {Ni[tBuN(Se)P(µ-NtBu)2PN(H)tBu]}2
[152] was 

reported. 

 

Figure 93: P2N2-based sulfur complexes of Pt, Pd, Ni and Cu.[228] 

Monometallated N,E-chelated TiCl3 complexes were obtained using an aminolysis reaction of 

titanium(IV) tetrachloride in the presence of NEt3.[229] Finally, a series of N,E’-chelated zinc 

complexes incorporating one or two P2N2 ligands was synthesised (Figure 94).[148] 
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Figure 94: Examples of zinc complexes with dichalcogenated monoanionic P2N2-based ligands.[148] 

In contrast to the PNP systems no P2N2 species incorporating tellurium and a transition metal 

have been reported yet. 
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IV.2 RESULTS AND DISCUSSION 

A COORDINATION CHEMISTRY OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3  

Motivated by the exciting work by Krossing et al.,[230] who coordinated silver and copper ions 

to metastable selenium allotropes, the functionalisation of the P2N2-supported selenium rich 

trimer [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) was attempted. Thus, III-1 was treated with 

silver(I) triflate in THF in an attempt to employ the macrocycle as a ligand. Crystals of the 

reaction product were identified as a silver(I) bis(diselenodiimidocyclodiphosph(V/V)azane) 

complex (IV-1) incorporating neutral diprotonated Se2P2N2 ligands (Scheme 58). This 

compound is presumably a result of a fragmentation (Se–Se bond cleavage) of the trimer III-
1 and subsequent coordination of the fragments to the Ag(I) centre. 

 

Scheme 58: Reaction of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with silver(I) triflate in THF. 

A recrystallisation of the compound from n-hexane yielded a few crystals of the silver(I) 

complex [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1) suitable for X-ray 

analysis (Figure 95).  

The two neutral P2N2 ligands are coordinated tetrahedrally in an E,E’-mode to the Ag(I) atom 

to form a spirocyclic coordination complex. The charge balance of the positive silver(I) centre 

is compensated by a triflate anion.  

To the best of our knowledge [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1) 

is the first example of a dichalcogeno P2N2 complex exhibiting neutral P2N2 ligands in a 

distorted tetrahedral coordination mode. A similar PNP coordination complex, which features 

a tetrahedral silver(I) centre with two neutral ligands ([Ag(Ph2P(Se)NHP(Se)Ph2)2][BF4]) was 

reported before.[231]  
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Figure 95: X-ray structure of [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1). 

The asymmetric unit contains two [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] units. Three carbon 

atoms (C7, C14, C44) are disordered over two positions, which were modelled satisfactorily. H atoms bonded to 

C atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Ag1–Se1 2.714(2), Ag1–Se4 2.725(2), 

Ag1–Se2 2.738(2), Ag1–Se3 2.741(2), P1–N3 1.642(12), P1–N2 1.690(13), P1–N1 1.701(12), P1–Se1 2.112(4), 

P2–N4 1.601(13), P2–N2 1.671(13), P2–N1 1.672(13), P2–Se2 2.120(4), P3–N7 1.625(13), P3–N6 1.676(12), 

P3–N5 1.701(12), P3–Se3 2.107(4), P3–P4 2.508(5), P4–N8 1.631(11), P4–N6 1.701(12), P4–N5 1.709(12), P4–

Se4 2.109(4), S1–O1 1.387(12); Se1–Ag1–Se4 114.31(7), Se1–Ag1–Se2 115.62(6), Se4–Ag1–Se2 102.02(6), 

Se1–Ag1–Se3 95.62(6), Se4–Ag1–Se3 114.61(6), Se2–Ag1–Se3 115.44(7), N3–P1–N2 111.0(6), N3–P1–N1 

110.6(6), N2–P1–N1 82.7(6), N3–P1–Se1 114.7(5), N2–P1–Se1 117.4(5), N1–P1–Se1 116.3(5), N4–P2–N2 

111.8(7), N4–P2–N1 110.5(7), N2–P2–N1 84.1(6) N4–P2–Se2 115.0(5), N2–P2–Se2 115.3(5), N1–P2–Se2 

116.2(5). 

The crystal structure of IV-1 exhibits Ag–Se bond distances in the range of 2.714(2)-

2.741(2) Å, which are comparable to those of [Ag(Ph2P(Se)NHP(Se)Ph2)2][BF4] (cf. 2.634(2)-

2.713(3) Å).[231] The angles at the Ag centre in IV-1 are in the range of 95.62(6)-115.62(6)° 

(cf. 97.98(9)° to 117.96(9)° for [Ag(Ph2P(Se)NHP(Se)Ph2)2][BF4]).[231]  

The P–Se bond lengths in the Ag(I) complex IV-1 are between 2.107(4) and 2.120(4) Å and 

are thus rather short when compared to single bonds (for a “typical” P–Se single bond 

compare [tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15), 2.268(3)-2.270(3) Å). In comparison 

the neutral [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) exhibits bond lengths of 2.078(1)-

2.070(1) Å,[152] which supports a representation as P=Se double bonds in IV-1. The P–Nexo 

bond lengths of 1.601(13)-1.642(12) Å represent P–N single bonds in these systems 
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consistent with the protonation of the exocyclic nitrogen atoms and the required charge 

balance (cf. 1.637(2)-1.655(2) Å in [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1)).[152], 27 

The hydrogen atoms of the exocyclic nitrogen atoms in IV-1 were included in the structure 

refinement in the calculated positions. These hydrogen atoms exhibit hydrogen bonding to 

the fluorine and oxygen molecules of the [CF3SO3]− fragment, which leads to the 

supramolecular structure illustrated in Figure 96. 

     
Figure 96: Packing of IV-1 along the a, b and c axis (colour scheme: P:purple, Se:orange; N:blue, C:grey, 

H:omitted). 

The 31P NMR spectrum exhibits a broad resonance at 23.4 ppm, when measured in [D8]THF. 

As the 31P NMR resonance appears as a broad peak no P–Se couplings could be reliably 

assigned. This observations were also made for Ag(Ph2P(Se)NHP(Se)Ph2)2][BF4].[231] The 

reason for the broad signals in these systems is presumably due to the existence of rapid 

exchange equilibria, which are dependent on concentration and temperature.[232] In most 

cases these could be resolved by using certain concentrations and low temperature NMR 

spectroscopy methods, where the J(P,107Ag) and J(P,109Ag) could also be visible.[232] 

                                                 
27 P=N double bonds found in P2N2 systems are approximately 1.48 Å for sulfur systems, 1.51 Å for selenium systems and 

1.53 Å for tellurium species (cf. compounds in chapter II and chapter III). 
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B COORDINATION CHEMISTRY OF [tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se) 

The following part of the chapter is dedicated to reactions of the dianionic selenium and 

sulfur derivatives [tBuN(E)P(µ-NtBu)2P(E)NtBu]− (E = S, Se) with a series of metal halides. 

The new complexes are formed as a result of metathetical reactions producing NaCl, NaI or 

similar salts as by-products. 

Thus, treatment of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-3) with 

Pt(Et2PC2H4PEt2)Cl2 in toluene at −78 °C yielded the platinum complex [(tBuNP(µ-

NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2). 

 

Scheme 59: Synthesis of the Pt(II) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2). 

The molecular structure of the platinum complex [(tBuNP(µ-NtBu)2PtBuN)(µ-

SePt{Et2PC2H4PEt2}Se)] (IV-2) was obtained after recrystallisation from n-hexane at −40 °C 

and is illustrated in Figure 97. The structural refinement of the X-ray data was rather poor, 

which prevents the detailed discussion of the structural parameters. 

 

Figure 97: X-ray crystal structure of [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) including one THF 

molecule (left hand side). Right hand side: Different view on the structure showing the planarity around the Pt 

centre (THF molecule omitted). Structural data is of poor quality. 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles: Pt1–Se1 2.4741(10), Pt1–Se1’ 

2.4741(10), Pt1–P2 2.265(2), Pt1–P2’ 2.265(2), Se1–P1 2.232(2), P1–N1 1.519(5), P1–N2 1.665(2), P1–N2’ 

1.665(2); Se1–Pt1–Se1’ 104.09(4), Se1–Pt1–P2 84.20(7), Se1–Pt1–P2’ 171.71(7), Se1–Pt1–P2 171.71(7), Se1–
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Pt1–P2’ 84.20(7), P2–Pt1–P2’ 87.51(9), Pt1–Se1–P1 109.82(7), Se1–P1–N1 116.5(2), Se1–P1–N2 108.8(3), 

Se1–P1–N2’ 108.8(3), N1–P1–N2 118.2(3), N1–P–N2’ 118.2(3), N2–P1–N2’ 81.08(12). 

However, the Pt(II) centre in [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) 

exhibits a square planar geometry with the P2N2 ring perpendicular to this plane. The 

platinum atom is Se,Se’,P,P’-chelated with a Pt–Se bond length of 2.4741(10) Å. A dimeric 

PNP complex incorporating a Se,Se’,Se’’,Se’’’-chelated Pt(II) centre was described before by 

Woollins et al. (Pt[N(iPr2PSe)2]2).[233] The complex also features a square planar geometry 

with Pt–Se bond lengths of 2.4616(6)-2.642(6) Å as well as P–Se bond lengths of 2.205(2)-

2.218(2) Å.[233] Similarly, the dianionic ligand in IV-2 has P–Se bond lengths of 2.232(2) Å; 

This distance is representative for a P–Se single bond (cf. 2.268(3)-2.270(3) Å for [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15)).  

The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) exhibits 

two doublets at 58.1 ppm (3J(P,P) = 31.4 Hz, 1J(P,Pt) = 2784.9 Hz, 2J(P,Se) = 79.3 Hz) and 

−54.0 ppm (d, 3J(P,P) = 30.9 Hz, 2J(P,Pt) = 117.4 Hz, 1J(P,Se) = 520.0 Hz), accompanied by 

selenium and platinum satellites. 

The structural data was supported by isotopically matching mass spectrometry data of IV-2. 

 
Figure 98: Packing of IV-II shown along the a, b and c axis. 

The packing of [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) is depicted in 

Figure 98. As the view along the c axis illustrated, the planar P2Se2PtP2 rings are aligning in 

a parallel way to each other in the supramolecular structure with the THF molecules being 

perpendicular to the mean planes of the Pt(II) complexes. 
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The reaction of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-3) with the N-heterocyclic 

carbene (NHC) complex Ag(NHC)Cl results in the formation of the metallocycle [(tBuNP(µ-

NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3), which was obtained as a major product in about 

64 % yield (Scheme 60). The diprotonated compound [tBu(H)N(Se)P(µ-

NtBu)2P(Se)N(H)tBu)] (BP-1) was observed as the major by-product.[152] 

 
Scheme 60: Synthesis of the Ag(I) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAg(NHC)Se)] (IV-3). 

The compound exhibits one monoanionic P2N2 ligand and a silver(I) carbene complex that is 

Se,Se’-coordinated to the ligand. A crystal structure was obtained after recrystallisation of 

[(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) from n-hexane at −40 °C. The 

molecular structure is depicted in Figure 99. 

     

Figure 99: Single crystal X-ray structure of [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) illustrated from 

two different views. 

Hydrogen atoms bonded to C atoms are omitted for clarity. The hydrogen atom at N1 and N2 are calculated to a 

probability of 50 % for each nitrogen atom. The crystallographic data was not of sufficient quality to decide which 

nitrogen atom is attached to a hydrogen atom. Selected bond lengths (Å) and angles (°): Ag1–Se1 2.6066(17), 

Ag1–Se2 2.6353(18), Ag1–C21 2.129(12), Se1–P1 2.166(3), Se2–P2 2.131(3), P1–N1 1.562(9), P1–N3 1.701(8), 

P1–N4 1.685(8), P2–N2 1.601(8), P2–N3 1.686(8), P2–N4 1.681(8), N1–C1 1.499(17), N2–C5 1.509(15), N3–C9 

1.494(12), N4–C13 1.500(13); Se1–Ag1–Se2 116.82(5), Se1–Ag1–C21 122.8(4), Se2–Ag1–C21 120.4(4), Ag1–

Se1–P1 95.26(9), Ag1–Se2–P2 94.25(9), Se1–P1–N1 116.2(4), Se1–P1–N3 111.9(3), Se1–P1–N4 114.8(3), N1–
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P1–N3 114.4(5), N1–P1–N4 112.9(5), N3–P1–N4 82.1(4), Se2–P2–N2 115.7(3), Se2–P2–N3 115.2(3), Se2–P2–

N4 114.7(3), N2–P2–N3 111.4(4), N2–P2–N4 112.8(4), N3–P2–N4 82.6(4). 

The Ag(I) centre in [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) deviates only 

0.033 Å from the mean P1,P2,N1,N2,Se1,Se2-plane, which means the P–Se–Ag–Se–P ring 

is planar with the P2N2 ring being perpendicular to this plane. 

The Ag–Se bonds in [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) are in the narrow 

range of 2.6066(17)-2.6353(18) Å and thus comparable to the shorter bonds in 

[Ag(Ph2P(Se)NHP(Se)Ph2)2][BF4] (cf. 2.634(2)-2.713(3) Å).[231] Despite the observation in the 
31P NMR spectrum of two distinct P atoms (vide infra) the P–Se bond lengths in IV-3 are in 

the very narrow range of 2.131(3) Å-2.166(3) Å, representing P–Se bonds with significant 

double bond character (cf. 2.078(1)-2.070(1) Å for ([tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] 

(BP-1)).[152] The same is true for the P–Nexo bond distances of 1.562(9) Å and 1.601(8) Å 

respectively. These P–N bond lengths are exactly between the P–N distances representative 

of P–N single bonds (cf. 1.637(2)-1.655(2) Å in [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-

1)).[152] and P=N double bonds (e.g. d(P=N) = 1.510(8)-1.513(9) Å in [(tBuNP(µ-

NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15)).  

The 31P NMR spectrum of [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) exhibits two 

broad signals at 13.8 ppm (1J(P,Se) = 714.2 Hz) and −34.1 ppm (1J(P,Se) = 649.7 Hz), 

respectively. These support the assumption of a monoanionic P2N2 ligand with two distinct 

phosphorus atoms. As observed before the broadness might be due the existence of rapid 

exchange equilibria (vide supra).[232] 

The signal at 13.8 ppm can be assigned to the phosphorus atom in IV-3, which is single 

bonded to the exocyclic nitrogen. The large value of 1J(P,Se) = 714.2 Hz suggests a high 

P=Se double bond character. Consistently, the signal at −34.1 ppm appears for the second 

phosphorus atom, which shows a double bond to the exocyclic nitrogen and a weaker P–Se 

bond (1J(P,Se) = 649.7 Hz), when compared to the second phosphorus atom. The 77Se NMR 

spectrum of IV-3 consists of two doublets at 65.5 ppm (1J(Se,P) = 677.2 Hz) and −62.8 ppm 

(1J(Se,P) = 722.4 Hz), respectively.  

The packing of [(tBuNP(µ-NtBu)2PN(H)tBu)(µ-SeAg(NHC)Se)] (IV-3) does not show any 

intermolecular interactions that would generate an interesting supramolecular structure. 
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The reaction of the silver(I) salt Ag(I)BF4 with [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-

3) in toluene at −78 °C gave rise to an eight-membered ring system with alternating Ag and 

Se atoms and involving four monoanionic Se2P2N2 ligands (Scheme 61).  

 

Scheme 61: Formation of the metallocycle {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4). 

Crystals of the tetrameric system {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) were 

isolated after recrystallisation of the compound in n-hexane at −40 °C. The molecular 

structure of {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) is illustrated in Figure 100. 

 
Figure 100: X-ray crystal structure of {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4). 
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Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Ag1–Se1 2.6197(17), Ag1–Se2 

2.6450(16), Ag1–Se8 2.5692(16), Ag2–Se2 2.5669(15), Ag2–Se3 2.5974(17), Ag2–Se4 2.6474(15), Ag3–Se4 

2.5608(17), Ag3–Se5 2.6068(18), Ag3–Se6 2.6390(16), Ag4–Se6 2.5638(16), Ag4–Se7 2.5819(17), Ag4–Se8 

2.6309(16), Se1–P1 2.154(4), Se2–P2 2.229(3), Se3–P3 2.158(3), Se4–P4 2.225(3), Se5–P5 2.146(4), Se6–P6 

2.222(3), Se7–P7 2.153(3), Se8–P8 2.227(3), P1–N1 1.629(11), P1–N3 1.665(10), P1–N4 1.663(11), P2–N2 

1.515(12), P2–N3 1.741(11), P2–N4 1.724(10), P3–N5 1.627(10), P3–N7 1.671(9), P3–N8 1.659(10), P4–N6 

1.512(10), P4–N7 1.720(10), P4–N8 1.734(10); Se1–Ag1–Se2 116.76(5), Se1–Ag1–Se8 134.39(6), Se2–Ag1–

Se8 108.59(5), Se2–Ag2–Se3 137.66(5), Se2–Ag2–Se4 103.97(5), Se3–Ag2–Se4 117.34(5), Ag1–Se1–P1 

90.54(10), Ag1–Se2–Ag2 100.38(5), Ag1–Se2–P2 96.72(10), Ag2–Se2–P2 112.94(9), Ag2–Se3–P3 91.25(9), 

Ag2–Se4–Ag3 100.49(6), Ag2–Se4–P4 95.93(9), Se1–P1–P2 124.44(16), Se1–P1–N1 104.9(4), Se1–P1–N3 

117.6(4), Se1–P1–N4 117.3(4), P2–P1–N4 42.8(4), N1–P1–N3 115.5(5), N1–P1–N4 115.6(5), N3–P1–N4 

85.7(5), Se2–P2–N2 122.4(4), Se2–P2–N3 104.5(3), Se2–P2–N4 110.3(4), N2–P2–N3 115.6(6), N2–P2–N4 

114.8(6), N3–P2–N4 81.6(5), Se3–P3–N5 106.9(4), Se3–P3–N7 116.4(4), Se3–P3–N8 117.1(4). 

{Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) involves dicoordinated selenium atoms (as 

part of the central Ag4Se4 ring system), and exocyclic selenium atoms that are only 

monocoordinated to one Ag centre. The P2N2 ligand is monoanionic (one exocyclic nitrogen 

atom at every P2N2 unit is protonated, cf. P–N bond lengths) to balance the charge of the 

Ag(I) atoms in the macrocycle.  

The compound shows structural similarities with the hexameric silver(I) complex 

{Ag[N(iPr2PTe)2]}6 or the tetrameric {Ag[N(Ph2PTe)2]}4 incorporating a cyclic Ag6Te6 or 

Ag4Te4 motif, respectively.[224] The silver centres in all compounds are each bound to two 

centres from one ligand and one chalcogen from an adjacent moiety. Furthermore, IV-4 

exhibits a C-shaped zigzag arrangement as illustrated in Figure 101 (right hand side) with 

distorted trigonal planar AgSe3 motifs. 

 
Figure 101: Different views on the centre of IV-4 (C and H omitted for clarity). 

The Ag–Se bond lengths in {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) range between 

2.5608(17)-2.6474(15) Å, resulting in three different groups of Ag–Se bond lengths. The 

shortest Ag–Se bond lengths are observed for Ag1–Se8, Ag2–Se2, Ag3–Se4 and Ag4–Se6 

(2.5608(17)-2.5692(16) Å) followed by that for the bonds Ag1–Se1, Ag2–Se3, Ag3–Se5 and 

Ag4–Se7 (2.5819(17)-2.6197(17) Å). The longest bond distances are found for the remaining 

bonds (2.6309(16)-2.6474(15) Å). This variation demonstrates that the coordination strength 
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of the silver (I) atom to the Se atoms is quite different depending on the position of the 

selenium atoms. However, in comparison to the aforementioned silver(I) complex 

[(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1) with Ag–Se bond distances of 

2.714(2)-2.741(2) Å, the Ag–Se bonds in IV-4 seem comparably strong. 

The P–Se bond distances for {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) depend on the 

nature of the selenium atoms. Longer bond lengths are expected for three-coordinated 

selenium atoms, when compared to the dicoordinated selenium atoms. For the Se atoms that 

are incorporated in the Ag4Se4 ring (even numbered selenium atoms, three-coordinated), the 

P–Se distances range from 2.222(3) to 2.229(3) Å, which are similar values to other P–Se 

single bond distances observed before in this work (cf. 2.253(2)-2.262(2) for the selenium 

trimer III-1; 2.268(3)-2.270(3) Å for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15)). In 

contrast the odd numbered selenium atoms outside the central Ag4Se4 ring (dicoordinated) 

show P–Se bond lengths between 2.146(4) to 2.154(4) Å, which suggest a significant 

contribution of π-bonding (cf. d(P=Se) for IV-1 2.107(4)-2.120(4) Å, d(P=Se) = 2.078(1)-

2.070(1) Å for [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1)).[152]  

The 31P NMR spectrum exhibits two broad singlets at 13.9 ppm and −55.4 ppm; the broad 

appearance of the signals is presumably due to rapid exchange equilibria.[232] 

The folded conformation of the silver(I) metallocycle {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 

(IV-4, Figure 101), with transannular Se···Se distances of 3.686, 4.184 and 4.778 Å, does 

not provide a suitable cavity for entrapment of small molecules in host-guest chemistry 

applications, as illustrated by the space-filling model depicted in Figure 102.  

 

Figure 102: Space-filling diagram of [Ag{tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu}]4 (IV-4) hydrogen and carbon atoms 

omitted. 
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Treatment of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-3) with 1 eq. of AuCl•THT led to 

the formation of a bright red compound identified as the trimeric metallocycle [(tBuNP(µ-

NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) (Scheme 62). 

 

Scheme 62: Formation of the intriguing trimeric Au(I) macrocycle [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) 

supported by monoanionic P2N2 rings. 

The compound features structural similarities to the aforementioned trimeric diselenide 

macrocycle [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). The crystal structure of [(tBuNP(µ-

NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) was obtained after a recrystallisation of the compound in n-

hexane at −40 °C yielding pink prism-shaped crystals (Figure 103). 

 

Figure 103: X-ray structure of the trimeric Au(I) complex [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5). 
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Hydrogen atoms bonded to C atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Au1–Se1 

2.396(2), Au1–Se2 2.4189(17), Se1–P1 2.221(3), Se2–P2 2.173(5), P1–N1 1.519(15), P1–N3 1.718(9), P2–N2 

1.616(9), P2–N3 1.655(9); Se1–Au1–Se2 178.30(5), Au1–Se1–P1 103.81(12), Au1–Se2–P2 105.77(9), Se1–P1–

N1 116.9(4), Se1–P1–N3 111.5(3), N1–P1–N3 115.1(4), N3–P1–N3’ 81.6(4), Se2–P2–N2 106.1(6), Se2–P2–N3 

115.5(3), Se2–P2–N3 115.5(3), N2–P2–N3 116.9(4), N3–P2–N3’ 85.5(5). 

[(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) exhibits linear Se–Au–Se fragments (∠(Se–Au–

Se) = 178.30(5)°) with bond lengths of 2.396(2) and 2.4189(17) Å, respectively. The ring 

system is planar with P2N2 rings perpendicular to this plane, as observed before for the 

related trimeric diselenide [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1). The P2N2 ligands are 

monoanionic to balance the charge of the three Au(I) centres. Thus, one of the two exocyclic 

nitrogen atoms in every P2N2 ligand is protonated and exhibits single bonds to the 

phosphorus centres (d(P–N) = 1.616(9) Å). The second exocyclic nitrogen (N1) is double-

bonded to the P1 atom (d(P–N) = 1.519(15) Å). 

Systems with linear Se–Au–Se scaffolds are not unusual,[44] whereas P–Se–Au–Se–P 

systems are very rare. An example of such a system is the Au(I) complex 

[(Ph3PSe)2Au][SbF6] exhibiting a Se–Au–Se angle of 172.6(1)° (cf. 178.30(5)° for IV-5).[234] 

The Au–Se bond lengths in [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) range between 

2.396(2)-2.4189(17) Å, which are comparable Au–Se bond distances to those observed for 

[(Ph3PSe)2Au][SbF6] (2.390(1)-2.395(1) Å).[234] 

The P–Se distances in IV-5 vary between 2.173(5) Å (P2–Se2) and 2.221(3) Å (P1–Se1). 

The P1–Se1 bond length is very similar to the single bonds observed in the diselenide trimer 

III-1, which exhibits bond lengths of 2.253(2)-2.262(2) Å. The shorter P2–Se2 bonds, which 

feature double bond character, are a result of the monoanionic charge of the ligands, and the 

resulting P2–N2 single bond. These shorter distances were also found in 

[(Ph3PSe)2Au][SbF6] (cf. 2.173(1)-2.174(1) Å).[234]  

The 31P NMR spectrum of IV-5 exhibits two resonances, appearing as doublets at 4.9 ppm 

(2J(P,P) = 16.4 Hz; 1J(P,Se) = 657.3 Hz) and −57.6 ppm (2J(P,P) = 16.4 Hz; 1J(P,Se) = 

626.8 Hz), respectively. This is in contrast to the 31P NMR spectrum of the trimeric diselenide 

[(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1), where only one resonance was observed in solution 

and two in the solid state (vide supra). This suggests that [(tBuNP(µ-NtBu)2PtBuN)(µ-

SeAuSe)]3 (IV-5) shows, in contrast to III-1, no structural fluctionality in solution, which would 

cause an averaged resonance in the solution state 31P NMR spectrum. Consistent with the 

two distinct selenium atoms in the gold(I) macrocycle IV-5, the 77Se NMR spectrum reveals 

two resonances at 132.4 ppm and 209.0 ppm respectively. 
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The packing of IV-5 is characterised by perfectly staggered molecules of the gold(I) 

macrocycle, as is illustrated in Figure 104. 

 
Figure 104: Packing of IV-5 shown along the a, b and c axis. 

In contrast to the “metal-free” diselenide macrocycle [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) 

the space-filling model of [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) shows a small cavity 

side in the centre of the macromolecule (Figure 105). Accordingly, the transannular 

Se1···Se1’ distance of 3.545 Å is larger than that observed in [(tBuNP(µ-NtBu)2PtBuN)(µ-

Se2)]3 (III-1) (cf. 3.315 Å). 

 

Figure 105: Space-filling model of [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5); with H and C omitted (left hand 

side); with H atoms omitted (right hand side). 

The relatively high stability, the presence of an Au(I) centre as well as the availability of 

monoanionic ligands make [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) an interesting 

compound for future investigations (e.g. deprotonation and subsequent metathetical 

reactions; oxidation of the Au(I) centre). 
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The reaction of HgCl2 with [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu] (P-3) in toluene at 

−78 °C yielded the Hg(II) complex [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) as the 

main product. The 31P NMR spectrum shows various by-products that could not be identified. 

 
Scheme 63: Synthesis of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6). 

The crystal structure of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) was obtained after 

recrystallisation from n-hexane at −40 °C. The molecular structure is depicted in Figure 106. 

[{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) exhibits a Hg(II) centre with two 

monoanionic Se2P2N2 ligands attached. 

 
Figure 106: X-ray crystal structure of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) from two views. 

Hydrogen atoms bonded to C atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Hg1–Se1 

2.5969(11), Hg1–Se2 2.7347(11), Hg1–Se3 2.6021(11), Hg1–Se4 2.7373(11), Se1–P1 2.217(3), Se2–P2 

2.148(3), Se3–P3 2.212(3), Se4–P4 2.148(3), P1–N1 1.505(9), P1–N3 1.712(8), P1–N4 1.713(8), P2–N2 

1.619(8), P2–N3 1.666(8), P2–N4 1.662(8), P3–N5 1.516(9), P3–N7 1.710(8), P3–N8 1.717(8), P4–N6 1.630(8), 

P4–N7 1.660(8), P4–N8 1.664(8); Se1–Hg1–Se2 113.70(3), Se1–Hg1–Se3 127.23(4), Se1–Hg1–Se4 99.99(3), 

Se2–Hg1–Se3 96.54(3), Se2–Hg1–Se4 104.43(3), Se3–Hg1–Se4 113.50(3), Hg1–Se1–P1 98.61(7), Hg1–Se2–

P2 91.73(7), Hg1–Se3–P3 98.76(8), Hg1–Se4–P4 92.18(7), Se1–P1–N1 118.8(3), Se1–P1–N3 108.6(3), Se1–
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P1–N4 109.7(3), N1–P1–N3 117.3(5), N1–P1–N4 114.8(4), N3–P1–N4 81.6(4), Se2–P2–N2 104.6(3), Se2–P2–

N3 115.4(3), Se2–P2–N4 118.3(3), N2–P2–N3 117.0(4), N2–P2–N4 116.9(4), N3–P2–N4 84.5(4), Se3–P3–N5 

118.5(3), Se3–P3–N7 110.0(3), Se3–P3–N8 109.4(3), N5–P3–N7 115.4(4), N5–P3–N8 116.5(4), N7–P3–N8 

81.3(4), Se4–P4–N6 105.3(3), Se4–P4–N7 118.0(3), Se4–P4–N8 115.6(3), N6–P4–N7 116.6(4), N6–P4–N8 

116.5(4), N7–P4–N8 84.4(4) 

The geometry around the Hg(II) atom in [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) 

can be viewed as distorted tetrahedral with Se–Hg–Se angles in the range of 96.54(3)-

127.23(4)°. The structure is comparable to the Ag(I) derivative IV-1 apart from the main 

difference of the monoanionic P2N2 ligands in IV-6 (IV-1 exhibits neutral P2N2 units – 

Scheme 58). The Hg(II) centre is Se,Se’,Se’’,Se’’’-chelated with Hg–Se bond distances of 

2.5969(11)-2.7373(11) Å.  

The difference in the coordination distances (Hg–Se) can be explained by the nature of the 

monoanionic ligands, which exhibit P–Se single bonds of 2.212(3)-2.217(3) Å (Se1/3–P1/3) 

and P–Se bond lengths of 2.148(3) Å (Se2/4–P2/4), which indicate significant double bond 

character (cf. IV-1: d(P–Se) = 2.107(4)-2.120(4) Å; [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu)] 

(BP-1): d(P=Se) 2.078(1)-2.070(1) Å).[152] Accordingly, the P–Nexo distances in IV-6 are 

1.505(9)-1.516(9) Å (P1/3–N1/5) representing a P=N double bond versus bond distances of 

1.619(8)-1.630(8) Å (P2/4–N2/6), which are attributable to P–N single bonds. These 

observations support the presence of hydrogen atoms attached to the nitrogen atoms N2 and 

N6. Similar structural motifs to IV-6 exhibiting a distorted tetrahedrally coordinated Hg(II) 

centre have been reported before, e.g. Hg[HC(PPh2Se)2]2[235] and Hg[(iPr2PSe)2N]2.[225] The 

structural parameters are comparable to that found in IV-6 (e.g. Hg[HC(PPh2Se)2]2: d(Hg–Se) 

= 2.615(1)-2.679(1) Å, d(P–Se) = 2.161(3)-2.197(3) Å).[235] 

The 31P NMR spectrum reveals two doublets at 4.6 ppm (P2) and −59.2 ppm (P1) with a 
2J(P,P) value of 16.3 Hz. The supramolecular structure of [{tBuN(Se)P(µ-

NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) is depicted in Figure 107, which shows an interesting 

packing effect along the c axis, where four molecules of IV-6 are aligned in a cyclic structure. 

       

Figure 107: Packing of [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) along the a, b and c axis. 
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SULFUR-BASED METALLOCYCLES SUPPORTED BY P2N2 RINGS 

The reaction of [Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) with Cu(I)Cl led to the 

formation of a white precipitate that was insoluble in non-polar solvents such as pentane, n-

hexane, toluene or benzene after it solidified. The 31P NMR spectrum of the reaction mixture 

showed two very broad doublets at 39.3 ppm as well as 11.0 ppm with a coupling of 22.5 Hz. 

This compound could have a similar structure to that of the Au(I) complex IV-5, as the 31P 

NMR spectrum shows close similarities. However, the compound could not be identified by 

mass spectrometry or X-ray crystallography.  

Stirring this material in THF for about 24 h led to a colour change to green, indicating the 

oxidation of the Cu(I) system to Cu(II) species. Crystals of this system could be identified as 

a dimeric copper complex with N,S-chelation of the monoanionic P2N2 ligands (Scheme 64). 

 

Scheme 64: Reaction of [Na(THF)]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) with CuCl and subsequent stirring in THF 

to decompose the insoluble compound formed before. 

Green crystals of the complex {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7) were isolated 

after recrystallisation in THF at −40 °C. The crystal structure is depicted in Figure 108. 

 

Figure 108: X-ray structure of {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7).  

Hydrogen atoms bonded to carbon atoms and the solvent molecule (Et2O) in the structure are omitted for clarity. 

Selected bond lengths (Å) and angles (°): Cu1–S1 2.3439(16), Cu1–P1 2.7466(18), Cu1–N1 1.981(5), S1–P1 
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2.000(2), S2–P2 1.929(2), P1–N1 1.572(5), P1–N3 1.680(5), P1–N4 1.689(5), P2–N2 1.647(6), P2–N3 1.694(5), 

P2–N4 1.697(5); S1–Cu1–S1’ 151.88(7), S1–Cu1–P1 45.42(5), S1–Cu1–N1 79.60(14), S1–Cu1–N1’ 104.00(14), 

N1–Cu1–N1’ 165.50(19), Cu1–S1–P1 78.00(7), S1–P1–N1 101.6(2), S1–P1–N3 116.0(2), S1–P1–N4 115.28(19), 

N1–P1–N3 120.6(2), N1–P1–N4 120.6(3), N3–P1–N4 83.4(2), S2–P2–N2 113.8(2), S2–P2–N3 118.7(2), S2–P2–

N4 120.75(19), N2–P2–N3 109.6(3), N2–P2–N4 107.1(3), N3–P2–N4 82.7(2), Cu1–N1–P1 100.6(3), Cu1–N1–C1 

127.5(4). 

{Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7) exhibits a similar structure to the tetrahedral Ni 

derivative {Ni[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2}.[228] In both complexes two monoanionic 

P2N2 ligands are attached in a trans-S,N-coordination to the metal centre. In the same work 

the monomeric N,S-chelated copper complex {(PPh3)Cu[(tBuN)(S)P(µ-NtBu)2P(S)(NHtBu)]} 

was reported, exhibiting a Cu–S bond length of 2.391(3) Å (cf. 2.3439(16) Å in IV-7) and a 

Cu–N bond length of 1.961(7) Å (cf. 1.981(5) Å in IV-7).[228] 28 

The P2–S2 bond distance in IV-7 of 1.929(2) Å is consistent with a terminal P=S bond (cf. 

the P=S bond in [(tBu(H)N(S=)P(µ-NtBu)2P(=S)N(H)tBu)] (BP-2) is 1.928(2) Å)[151]. The P1–

S1 bond length in IV-7 of 2.000(2) Å is between a P=S double bond length (vide supra) and 

that representative for a P–S single bond (cf. d(P–S) = 2.124(3)-2.127(2) Å for III-3). 

The packing of {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7) is shown in Figure 109. 

 

Figure 109: Packing of IV-7 shown along the a, b and c axis. 

The 31P NMR spectrum of {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7) supports the X-ray 

structure by showing two doublets at 4.9 ppm (2J(P,P) = 16.4 Hz), which can be assigned to 

the phosphorus atoms in the terminal P=S motifs, and −57.6 ppm (2J(P,P) = 16.4 Hz), which 

is the resonance for the P1 atoms in the centre of the dimeric complex. High-resolution mass 

spectrometry gave a molecular ion that is consistent with the proposed composition of IV-7. 

 

 

                                                 
28 Line drawings of the literature reported examples are given in the introduction of this chapter. 
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In contrast to the selenium derivative (P-3) the sulfur system [Na(THF)2]2[tBuN(S)P(µ-

NtBu)2P(S)NtBu] (P-4) produced a colourless oligomeric species (IV-8) upon treatment with 

AuCl•THT (instead of a Au(I) metallocycle similar to IV-5) (Scheme 65). The formation was 

very selective (49 % yield) with the exception of the diprotonated derivative 

[(tBu(H)N(S=)P(µ-NtBu)2P(=S)N(H)tBu)] (BP-2) that was observed in the 31P NMR spectrum 

as a minor by-product. 

 

Scheme 65: Reaction of [Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu] (P-4) with AuCl•THT. 

Colourless crystals suitable for a single crystal X-ray analysis were isolated after 

recrystallisation of IV-8 in n-hexane at −40 °C. The molecular structure is illustrated in Figure 
110.  

 
Figure 110: X-ray crystal structure of a gold(I)-sulfur-cyclodiphosphazane ladder-like compound (IV-8). 

Hydrogen atoms omitted for clarity. The N6 atoms are protonated. Selected bond lengths (Å) and angles (°): Au1–

Au1’ 2.8737(7), Au2–Au3 3.002, Au1–S1 2.291(2), Au1–S2 2.289(2), Au2–N1 2.047(6), Au2–N5 2.073(6), Au3–

S3 2.288(2), Au3–N2 2.082(6), S1–P1 2.036(3), S2–P2 2.040(3), S3–P3 2.036(3), S4–P4 1.929(3), P1–N1 

1.617(6), P1–N3 1.678(6), P1–N4 1.701(6), P2–N2 1.604(6), P2–N3 1.700(6), P2–N4 1.674(7), P3–N5 1.596(7), 

P3–N7 1.698(7), P3–N8 1.690(7), P4–N6 1.642(7), P4–N7 1.709(7), P4–N8 1.712(7); Au1–Au1’–S1 92.74(5), 

Au1–Au1’–S2 99.82(5), S1–Au1–S2 167.37(7), N1–Au2–N5 171.1(2), S3–Au3–N2 171.97(17), Au1–S1–P1 

109.85(10), Au1–S2–P2 107.05(10), Au3–S3–P3 106.36(10), S1–P1–P2 121.34(11), S1–P1–N1 110.3(2), S1–

P1–N3 114.8(2), S1–P1–N4 114.2(2), N1–P1–N3 117.0(3), N1–P1–N4 115.1(3), N3–P1–N4 83.2(3), S2–P2–N2 

111.7(2), S2–P2–N3 114.5(2), S2–P2–N4 114.2(2), N2–P2–N3 114.0(3), N2–P2–N4 116.4(3), N3–P2–N4 

83.4(3), S3–P3–N5 111.2(3), S3–P3–N7 108.0(3), S3–P3–N8 113.6(2), N5–P3–N7 120.0(3), N5–P3–N8 

117.6(4), N7–P3–N8 83.8(3), S4–P4–N6 113.4(3), S4–P4–N7 119.3(3), S4–P4–N8 119.5(3), N6–P4–N8 

109.0(4), N7–P4–N8 82.8(3), Au2–N1–P1 117.1(3), Au2–N1–C1 113.4(4), P1–N1–C1 127.7(5), Au3–N2–P2 
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111.1(3), Au2–N5–P3 115.0(4), Au2–N5–C17 116.3(5), P3–N5–C17 128.3(5), P4–N6–C21 135.0(6), P3–N7–P4 

96.0(4), P3–N7–C25 130.3(5). 

IV-8 exhibits close Au⋅⋅⋅Au interactions (explained by relativistic effects) and three different 

coordination modes of the Au atoms to the S2P2N2 ligands (N,N’-chelation, S,S’-chelation and 

N,S’-chelation). The Au⋅⋅⋅Au centres exhibit one central S,S’,S’’,S’’’-chelation motif and two 

N,N’,N’’,S’-chelation modes (Figure 111).  

   

Figure 111: Different views on IV-8, with omitted hydrogen and carbon atoms. 

Overall, the appearance of Au⋅⋅⋅Au interactions is not unusual and can be found in numerous 

examples.[44] Compounds with phosphorus-sulfur bonds incorporated are less frequently 

reported, e.g. [AuS2P(4-C6H4OCH3)(O-menthyl)]2[236] or [Au2{S2P(p-C6H4-OCH3)(O-c-

C5H9)}2][237] exhibiting S,S’,S’’,S’’’-chelation. A rare example for a Au⋅⋅⋅Au system with 

N,N’,N’’,S’-chelation is [Au3(2,6-Me2-form)2(THT)Cl].[238] 

The Au⋅⋅⋅Au distances in IV-8 of 2.8737(7) Å (Au1⋅⋅⋅Au1’) and 3.002 Å (Au2⋅⋅⋅Au3) are typical 

for Au(I)⋅⋅⋅Au(I) aurophilic interactions (cf. ~3.0 Å),[238] cf. [AuS2P(4-C6H4OCH3)(O-menthyl)]2 

(3.0432(13) Å),[236] and [Au3(2,6-Me2-form)2(THT)Cl] (3.0132(12)-3.0181(10) Å)).[238] 

However, the Au⋅⋅⋅Au distance of 2.8737(7) Å is among the shortest observed for such 

systems.[236]  

The Au–S bond lengths in the S,S’,S’’,S’’’-chelated [AuS2P(4-C6H4OCH3)(O-menthyl)]2[236] of 

2.297(6)-2.303(6) Å are very similar to those in IV-8 (2.288(2)-2.291(2) Å). The Au–N bond 

lengths in IV-8 of 2.047(6)-2.082(6) Å can also be found in [Au3(2,6-Me2-form)2(THT)Cl] 

(2.044(16) Å).[238]  

The P–S bond distances in IV-8 are in the narrow range of 1.929(3)-2.040(3) Å, whereas the 

terminal P=S bonds (P4–S4) are 0.1 Å shorter (cf. the P=Se bond in [(tBu(H)N(S=)P(µ-

NtBu)2P(=S)N(H)tBu)] (BP-2) is 1.928(2) Å)[151] when compared to the other P–S bonds. The 

P–S bond lengths in IV-8 of 2.036(3)-2.040(3) Å are between a P=S double bond length (vide 

supra) and a P–S single bond distance such as observed for the disulfide trimer III-3 (cf. 

d(P–S) = 2.124(3)-2.127(2) Å). These P–S bond lengths are consistent with the findings in 

IV-7 (1.929(2) Å and 2.000(2) Å, Figure 108). 

The 31P NMR spectrum of IV-8 exhibits three distinct resonances; a doublet at 38.1 ppm with 

a 1J(P,P) value of 23.4 Hz, which represents the P4 atoms at the end of the ladder-like 

structure, a second doublet at 32.9 ppm (P3 atom, 1J(P,P) = 23.4 Hz), which is coupled to 
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the aforementioned P4 atom and finally an intense singlet at 19.2 ppm attributed to the four 

phosphorus atoms in the centre of the compound.  

The packing of IV-8 is depicted in Figure 112. The ladder molecules are aligned in S-shaped 

chains, with tBu groups separating the ladders. 

       
Figure 112: Packing of IV-8 illustrated along the a, b and c axis. 
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C TELLURIUM DERIVATIVES DERIVED FROM [tBuN(Te)P(µ-NtBu)2P(Te)NtBu]2− 

To the best of our knowledge, the following compounds represent the first coordination 

complexes of P2N2 systems incorporating a P–Te bond, where the metal is exclusively 

coordinated to the tellurium atoms. 

Treatment of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with one equivalent of AgI 

produced a homoleptic silver(I) coordination complex {(I)Ag[tBu(H)NP(µ-

NtBu)2P(Te)N(H)tBu]3} (IV-9) exhibiting neutral monotellurido P2N2 ligands. The reaction was 

performed in toluene at a temperature of −78 °C, which gave a yield of 14 % (Scheme 66). 

 
Scheme 66: Formation of the homoleptic complex {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9). 

Furthermore, unreacted AgI as well as the formation of elemental tellurium was observed. 

Colourless prism shaped crystals of {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9) suitable 

for X-ray crystallography were isolated after a recrystallisation from n-hexane at −40 °C. The 

molecular structure of IV-9 is depicted in Figure 113. 

{(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9) is characterised by an Ag(I) centre bonded 

to an iodine atom and coordinated to Te atoms of three neutral TeP2N2 ligands via terminal 

P=Te bonds. The geometry around the Ag(I)-centre can best be described as distorted 

trigonal pyramidal with angles (centring at the Ag atom) ranging from 102.92(2)° to 

114.51(5)°.  

A similar structural motif as for IV-9 was found in the trialkylphosphane telluride complex 

[Ag(TePiPr3)3][(SO2CH3)2N]29 exhibiting a regular trigonal geometry.[239] The Ag–Te distances 

in IV-9 range from 2.7906(12) to 2.8236(8) Å and are those similar to that reported in 

Ag2(SO2CH3)2N)(iPr3PTe)4][(SO2CH3)2N] • CH3CN (cf. d(Ag–Te) = 2.6956(9)-2.7947(9) Å).[239] 

 

                                                 
29 Exact structural parameters were not provided in the publication as the structural refinement was unsatisfactory. 
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Figure 113: X-ray crystal structure of {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9). 

Hydrogen atoms bonded to C atoms and one n-hexane molecule omitted for clarity. Selected bond lengths (Å) 

and angles (°): I1–Ag1 2.8504(9), Te1–Ag1 2.8236(8), Te1–P1 2.3883(13), Te3–Ag1 2.7906(12), Te3–P3 

2.3930(13), Te4–Ag1 2.8114(11), Te4–P5 2.4043(17), P1–N1 1.635(4), P1–N3 1.688(4), P1–N4 1.682(4), P2–N2 

1.666(4), P2–N3 1.758(4), P2–N4 1.755(4); Ag1–Te1–P1 106.60(3), Ag1–Te3–P3 105.56(5), Ag1–Te4–P5 

103.79(4), I1–Ag1–Te1 108.94(2), I1–Ag1–Te3 109.90(3), I1–Ag1–Te4 114.51(5), Te1–Ag1–Te3 106.61(4), Te1–

Ag1–Te4 102.92(2), Te3–Ag1–Te4 113.37(2), Te1–P1–N1 105.68(14), Te1–P1–N3 118.25(14), Te1–P1–N4 

116.97(15), N1–P1–N3 115.07(19), N1–P1–N4 116.6(2), N3–P1–N4 83.8(2), N2–P2–N3 104.8(2), N2–P2–N4 

105.0(2), N3–P2–N4 79.67(18). 

The P–Te bond lengths of 2.3883(13)-2.4043(17) Å are among the shortest P–Te bonds 

found (Figure 9).[44] The ligand of IV-9 alone ([tBu(H)N(Te)P(µ-NtBu)2PN(H)tBu]) shows a 

terminal P=Te bond length of 2.370(1) Å.[48] In comparison to the 

Ag2(SO2CH3)2N)(iPr3PTe)4][(SO2CH3)2N]•CH3CN the P–Te bonds in IV-9 are marginally 

shorter (cf. 2.40-2.43 Å).[239] 

 
Figure 114: Packing of IV-9 shown along the a, b and c axis (H and C atoms omitted for clarity). 
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The packing of IV-9 is depicted in Figure 114; no significant intermolecular interactions can 

be observed. 

The 31P NMR spectrum of {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9) reveals two broad 

resonances at 83.0 ppm (PIII centre) and −46.0 ppm (PV atoms) with a 1J(P,Te) of 1938.8 Hz 

(d(P–Te) = 2.3883(13)-2.4043(17) Å) (cf. 1J(P,Te) = 2024 Hz with d(P–Te) = 2.370(1) Å for 

[tBu(H)N(Te)P(µ-NtBu)2PN(H)tBu]).[156] As mentioned before the broad signals are 

presumably a result of rapid exchange equilibria.[232] 

The reaction of [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) with one equivalent of 

[Cp*RhCl2]2 gave rise to the very unusual Rh-Te5 system {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-

NtBu)2P(Te)NtBu}2µ-Te]} (IV-10) (Scheme 67). The dianionic ligand in IV-10 is identical to 

that previously discussed for the disodium complex III-5; the two Na+ cations of III-5 are 

replaced by a Cp*Rh2+ dication in IV-10. 

 

Scheme 67: Formation of a Rh-Te5-complex {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10). 

Recrystallisation from n-hexane at −40 °C afforded crystals of {Te,Te’,Te’’-

Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10) in the form of red needles, which were 

suitable for X-ray crystallography. The molecular structure of IV-10 is depicted in Figure 115. 

IV-10 demonstrates a large structural similarity to the aforementioned Te5 system 

[Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) (Figure 83). In contrast to III-5 

the Rh coordination in the Rh complex IV-10 results in rather unequal Te–Te bond lengths in 

the two parts of the compound.  

Whereas the Te–Te bond distances of 2.8167(9)-2.8238(10) Å in the uncoordinated part of 

the Te5 system in IV-10 are shorter than in III-5 (cf. 3.0144(18)-3.0268(17) Å), the bond 

distances in the second fragment are significantly larger (3.2322(9)-3.3268(9) Å).  
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Figure 115: X-ray crystal structure of {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Te1–Te5 2.8167(9), Te1–P1 

2.502(2), Te2–Te5 2.8238(10), Te2–P2 2.502(2), Te3–Te5 3.2322(9), Te3–Rh1 2.6810(10), Te3–P3 2.503(2), 

Te4–Rh1 2.6590(9), Te4–P4 2.497(2), Te4–Te5 3.3268(9), Te5–Rh1 2.5476(9), P1–N1 1.508(8), P1–N3 

1.681(7), P1–N4 1.704(7), P2–N2 1.511(8), P2–N3 1.695(7), P2–N4 1.699(7), P3–P4 2.527(3), P3–N5 1.526(7), 

P3–N7 1.702(7), P3–N8 1.707(8), P4–N6 1.523(9), P4–N7 1.694(7), P4–N8 1.682(8); Te5–Te1–P1 99.04(6), 

Te5–Te2–P2 98.74(5), Te5–Te3–Rh1 49.98(2), Te5–Te3–P3 100.64(6), Rh1–Te3–P3 108.77(5), Rh1–Te4–P4 

108.39(6), Te1–Te5–Te2 104.85(2), Te1–Te5–Te3 81.31(2), Te1–Te5–Rh1 104.22(3), Te2–Te5–Te3 159.46(3), 

Te2–Te5–Rh1 105.84(3), Te3–Te5–Rh1 53.70(2), Te3–Rh1–Te4 102.47(3), Te3–Rh1–Te5 76.32(3), Te1–P1–N1 

117.0(3), Te1–P1–N3 106.9(3), Te1–P1–N4 105.0(2), N1–P1–N3 117.4(4), N1–P1–N4 121.4(4), N3–P1–N4 

83.8(3), Te2–P2–N2 116.5(3), Te2–P2–N3 106.0(3), Te2–P2–N4 105.9(2), N2–P2–N3 118.4(4), N2–P2–N4 

121.3(4), N3–P2–N4 83.5(3), Te3–P3–N5 118.2(3), Te3–P3–N7 106.7(2), Te3–P3–N8 106.2(3), N5–P3–N7 

117.6(4), N5–P3–N8 119.4(4), N7–P3–N8 82.9(4), Te4–P4–N6 116.9(3), Te4–P4–N7 104.5(2), Te4–P4–N8 

109.5(3), N6–P4–N7 119.1(4), N6–P4–N8 117.8(4), N7–P4–N8 83.9(3). 

Thus, compared to the known Te5 systems the Rh complex IV-10 exhibits the longest and 

shortest Te–Te bond lengths observed (e.g. {[Ga(en)3]2(Ge2Te15)}n (d(Te–Te) = 2.9546(13)-

3.0799(26) Å)[213], As2Te5
2− (d(Te–Te) = 3.009(3)-3.058(2) Å)[211] or Te8

2− (d(Te–Te) = ~ 

3.03 Å).[214]).  

                

Figure 116: Different views of the molecular structure of IV-10 (hydrogen atoms omitted). 

The Rh atom is coordinated in a pyramidal Te,Te’,Te’’-mode to the Te5 centre of {Te,Te’,Te’’-

Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10) (Figure 116). 
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The Rh–Te distances in IV-10 differ quite significantly with bond lengths from 2.6810(10) Å 

(Te3–Rh1) to 2.6590(9) Å (Te4–Rh1) to 2.5476(9) Å for the Rh–Te5 bond. Rh coordination to 

three tellurium centres is rare but was reported before, e.g. for 

[RhCp*(Te(CH2CH2CH2TePh)2)][PF6],[240] the Rh–Te bond distances in this complex are in 

the range from 2.6015(7) to 2.6177(7) Å, which suggest similar bonding interactions when 

compared to those in IV-10. However, the Rh(I) complex [Rh(COD){Me(CH2TeMe)3}]+ 

exhibits Rh–Te bond lengths of 2.6924(7), 2.6226(8) and 2.5786(8) Å, which is a comparable 

range of bond lengths to those observed in IV-10.[241]  

Surprisingly, in contrast to the Te–Te bond distances the P–Te bond lengths of {Te,Te’,Te’’-

Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10) are in a very narrow range of 2.497(2)-

2.503(2) Å. Compared to [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) they 

are significantly elongated (cf. 2.438(4)-2.445(4) Å) and are thus better compared to the 

germanium system [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17) (cf. 2.508(6 Å) or the tin 

species [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) (cf. 2.504(2) Å). 

The similar P–Te bond lengths in IV-10 are also represented in the 31P NMR spectrum of the 

Rh-Te5 complex, where two resonances can be observed. The singlet at −123.4 ppm shows 
125Te satellites with a 1J(P,Te) of 1136 Hz and may be assigned to the phosphorus in the 

fragment that is not attached to the Rh atom. The second resonance appears as a doublet at 

−123.4 ppm with a 2J(P,Rh) of 4.5 Hz and a 1J(P,Te) of 1270 Hz (cf. 1J(P,Te) = 1219 Hz for 

[Li(TMEDA)]2[Te(tBuN)P(µ-NtBu)2P(NtBu)Te]2 (III-4) with a P–Te bond length of 

2.4971(18) Å). 

The packing of the compound is characterised by isolated Te5Rh centres that are separated 

by tBu-groups, which are stacked over each other. The stacking is presented in Figure 117. 

       

Figure 117: Packing of IV-10 illustrated along the a, b and c axis (hydrogen and carbon atoms omitted). 

The complex IV-10 as shown in the X-ray crystal structure is a 18-electron complex and 

could be a rare example of a frozen state of a ring-walking[242] system. In this system the 
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Rhodium atom could walk along the tellurium atoms. To prove this assumption a variable-

temperature NMR experiment would be necessary.  

The unusual transformation that occurs in the formation of IV-10 suggest that reactions of the 

dianion [tBuN(Te)P(µ-NtBu)2P(Te)NtBu]2− with other transition-metal halides are a potentially 

interesting area for future research. 
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IV.3 CONCLUSION AND FUTURE WORK 

A  CONCLUSION 

A series of novel coordination complexes based on [tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, 

Se, Te) has been synthesised and characterised, mainly by X-ray crystallography and 

multinuclear NMR spectroscopy. 

The majority of the novel complexes incorporate a coinage metal and consist of one to four 

chalcogenated P2N2 ligands, which were shown to be neutral, monoanionic or dianionic. 

Furthermore, the formation of small and larger metallocycles as well as an oligomeric 

compound was observed. 

Thus, the Ag(I) complex [(tBu(H)NP(Se)(µ-NtBu)2P(Se)N(H)tBu)2(µ-Ag)][CF3SO3] (IV-1) is 

one of the first examples of a homoleptic complex with two neutral Se2P2N2 ligands 

incorporated. A similar structural environment exhibiting two monoanionic Se2P2N2 ligands 

was found for the Hg(II) complex [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6), which 

was synthesised by the metathetical reaction of the dianion [tBuN(Se)P(µ-

NtBu)2P(Se)NtBu]2− with HgCl2. This compound showed a very distinct supramolecular 

structure (Figure 118 A).  

A B C D  

Figure 118: Summary of the results presented in chapter IV. 

A similar approach using AgBF4 or AuCl•THT instead of HgCl2 yielded the novel metallo-

macrocycles {Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) and [(tBuNP(µ-NtBu)2PtBuN)(µ-

SeAuSe)]3 (IV-5), respectively (Figure 118 B + C). Both metallo-macrocycles were shown to 

have no cavity side in their solid-state structures, that could be used for host-guest chemistry 

applications (Figure 118 D). 

Treatment of AuCl•THT with the sulfur analogue [tBuN(S)P(µ-NtBu)2P(S)NtBu]2− resulted in 

the formation of an oligomeric ladder-like complex IV-8 incorporating aurophilic Au⋅⋅⋅Au 

interactions and four P2N2 ligands that are S,S’,- N,N’- or N,S-chelated to the Au(I) centres. 

Additionally, the first coordination complexes incorporating a tellurium derivative of the P2N2 

ligand were synthesised and characterised. The Ag(I) complex {(I)Ag[tBu(H)NP(µ-
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NtBu)2P(Te)N(H)tBu]3} (IV-9) exhibits three neutral monotellurido P2N2 ligands, whereas the 

Rh complex {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10) is composed 

of two dianionic P2N2 ligands that are connected by a cross-shaped Te5 moiety (Figure 119).  

A              B  

Figure 119: Tellurium derivatives, synthesised and characterised in chapter IV. 

The products that were generated as a result of metathetical reactions of the dianions 

[tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se, Te) with different metal complexes demonstrate 

the versatility of the species and open the opportunity for much broader investigations 

regarding these systems. 

B  FUTURE WORK 

Only the first examples of metal halides have been treated with the dianionic ligands in 

metathetical reactions. Especially the gold complexes IV-5 and IV-8, the silver complexes IV-
4 and IV-9 and the Rh complex IV-10 demonstrate the different reactivity of the [tBuN(E)P(µ-

NtBu)2P(E)NtBu]2− (E = S, Se, Te) species. Thus, for example the discovery of the novel Rh 

complex IV-10 encourages investigations of reactions of the dianionic precursor with earlier 

transition metal halides. 

The observation of different oligomeric silver(I) complexes {Ag[N(iPr2PTe)2]}6 and 

{Ag[N(Ph2PTe)2]}4 depending on the organyl substitutent on the phosphorus atoms (iPr vs. 

Ph; Figure 91), strongly suggest the use of different precursors in the synthesis of metal 

complexes described in this chapter.[224] For example, the substitution of the tBu substituents 

in the P2N2 systems (on the nitrogen atoms) with alkyl- or aryl groups such as Me, iPr, Ad, 

Ph, etc. may lead to different ring sizes for metallocycles. 

Additionally, the novel systems exhibit intriguing properties for further investigations of their 

reactivity. The aforementioned findings of Chivers et al. of reversible reactions of gold 

systems (cf. Introduction, Scheme 57)[62] could be transferred to the Au(I) complexes IV-5 

and IV-8 to generate novel Au(III) species through oxidation. In addition, the reaction with 

halogens and halogenations agents could lead to brightly coloured Au(II) compounds 

incorporating X–Au–Au–X scaffolds under sustainment of the basic structure, as reported 

before.[238]  
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Reactions of the dianions [tBuN(E)P(µ-NtBu)2P(E)NtBu]2− (E = S, Se, Te) with coinage metal 

salts gave complexes of the monprotonated monoanions, which involved a monoprotonation 

of the dianionic systems. As the monoprotonated anions [tBu(H)N(E)P(µ-NtBu)2P(E)NtBu]− 

(E = S, Se) can be prepared exclusively (cf. introduction to chapter II) they should be used as 

reagents in analogous metathetical reactions. One objective would thus be to generate a 

better yield and to investigate a more direct approach to the metallocycles incorporating 

monoanionic ligands e.g. IV-4, IV-5 or IV-6.  

Furthermore, the novel systems exhibiting monoprotonated ligands (IV-4, IV-5, IV-6, IV-7, IV-
8) could be deprotonated and subsequently reacted in further metathetical reactions.  
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CHAPTER V: PHOSPHORUS-TELLURIUM COMPOUNDS 

SUPPORTED BY ORGANIC BACKBONES 

 

The use of peri-substitution in the stabilisation of unusual main group compounds as well as 

the investigation of unusual bonding situations favoured by this method is a long ongoing 

research perspective in the Woollins’ group. Until now these investigations were lacking peri-

substituted P–Te compounds. This chapter intends to close this gap and will provide insight 

into unusual P–Te bonding situations, X-ray structures and NMR properties, including the 

investigation of through-space coupling in these novel systems. 
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V.1 INTRODUCTION INTO PERI-SUBSTITUTION 

A SYNTHESIS AND PROPERTIES OF COMPOUNDS EXHIBITING PERI-SUBSTITUTION 

The 1,8-naphthalene as well as the 5,6-acenaphthene backbones offer an interesting 

environment for the study of unusual chemical bonding situations. When naphthalene (Nap) 

is substituted at the 1,8-positions or acenaphthene (Acenap) in the 5,6-positions, the 

substituents take the so-called peri-positions. This positioning of the two substituents results 

in a unique reactivity caused by geometric constraints that are placed upon the substituting 

atoms.[243, 244, 245]  

The observed rigidity of peri-substituted naphthalenes is mainly derived from the aromatic 

nature of naphthalene, which leads to planarity of the molecule and angles close to 120°. As 

a consequence the “ideal” peri-distance of 1,8-substituted naphthalenes is 2.45 Å, being in-

between ortho- and bay-region distances.[246]  

 

Figure 120: Differences in the double substitution environment in benzene, naphthalene, acenaphthene and 

phenanthrene (from left to right). The ortho-, peri- and bay-distances of the two substituents are for H atoms only. 

For the unsubstituted planar acenaphthene this peri-distance is found to be 2.67 Å, which is 

a result of the ethylene bridge on the opposite side of the molecule when compared to 

naphthalene.[247] The angles in acenaphthene are thus 112.4° (C1–C1a–C2), 128.4° (C5–

C5a–C6) and 115.5° (C5a–C6–H and H–C5–C5a).[247] 

The substitution of naphthalene in the 1,8 positions, or likewise acenaphthene in the 5,6-

positions, by substituents other than hydrogen causes an increase of strain in-between the 

two substituents. As a result the two peri-substituted atoms can be forced into sub-van der 

Waals contacts and significant interactions can arise. In general, two different interactions of 

the two substituents are observed, either attractive or repulsive.[243, 248] An attractive 

interaction leads to a relaxed geometry of the naphthalene or acenaphthene ring, a repulsive 

interaction, in contrast, can cause significant deformation of the systems.[244] The observed 

rigidity of the organic backbone (naphthalene, acenaphthene) and the resulting close 

proximity of the two peri-substituents results in a different kind of chemistry of peri-

substituted species when compared to other systems. As a consequence, the synthesis and 

isolation of unusual compounds has been achieved, such as: 

2.45 Å 2.67 Å ~3.1 Å <2.0 Å 

ortho- peri- peri- bay-

1 8 5 6
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A. Highly basic 1,8-N,N-substituted naphthalenes acting as “proton sponge”-

 compounds (the complexation of a hydrogen atom removes the destabilising 

 lone pair interaction between the nitrogen atoms; an energy advantage is 

 gained by the relaxed geometry of naphthalene).[248] 

B. An intramolecular dative PIII-PIII species with a rare σ3P–σ3P bonding 

 interaction.[249] 

C. A naphthalene based PIII–PV system with an unusual σ4P–σ6P bonding 

 interaction.[250] 

D. A phosphane-phosphane/arsane donor-acceptor (DA) complex (PIII–PIII/AsIII 

 system).[251, 252] 

E. A thermally stable cyclic phosphanylidene-σ4-phosphorane[253] and a arsan-

 ylidene-σ4-phosphorane.[252] 

 
Figure 121: Unusual compounds and bonding interactions accomplished by peri-substitution. 

F. A hypercoordinated P–P-system showing a frozen early stage of nucleophile-

 electrophile interaction (oxygen acts as a donor to the phosphorane 

 environment).[254] 

G. An extremely strained repulsively interacting system, where the naphthalene 

 backbone was shown to be completely non-planar, described as a “steric 

 clash”.[255] 

H. A 1,2-Diphosphanaphthalene 1,2-dication (bis-phosphonium-dication).[255] 

I. A 1,2-Ditelluraacenaphthene 1,2-dication.[256] 

J. Single atom peri-bridged naphthalenes and acenaphthenes with an inherent 

 strain in the molecule causing a tendency for ring enlargement and ring 

 opening reactions to occur (E = B, C, Si, Ge, P, S, Ti, Zr, Pt).[257] 

 

Figure 122: Further unusual bonding situations supported by peri-substitution. 
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Further subjects that were discussed in the literature regarding peri-substituted naphthalenes 

and acenaphthenes include through-space interactions and the influence of the peri-

substitution on chemical bonding, which were studied by calculations, X-ray crystallography 

and NMR experiments.[e.g.258, 259] Especially naphthalene but also the acenaphthene 

chemistry including “proton sponge” compounds have been subject to numerous 

reviews.[243, 244, 245, 248, 260] These include overviews of group 13 peri-substituted systems as 

well as hetero- and homoatom group 15 and group 16 species and their applications in the 

syntheses of novel ligand systems.[244, 245] 

To characterise naphthalene and acenaphthene derivatives regarding the type of peri-

substitution and the resulting chemical bonding situation between the peri-substituents a 

series of X-ray crystallography as well as NMR study based parameters are considered.  

 
Figure 123: Numbering schemes for peri-substituted naphthalenes and acenaphthenes used in this work. 

The following parameters are used to describe the relationship between the two substituents 

S1 and S9:[243, 244] 

o Out-of-plane distortion: By measuring the distance of the peri-substituents from the 

mean plane (above and below) of the naphthalene or acenaphthene backbone, the 

out-of-plane distortion is determined. The alternative is the identification of the torsion 

angles S1–C1···C9–S9. 

o Sum of bay angles and the splay angle: The sum of the bay angles, mainly used 

for naphthalenes, is the sum of the angles S1–C1–C10 + C1–C10–C9 + C10–C9–S9. 

The difference from the ideal angle of 360° is used to determine the in-plane 

distortions. In naphthalenes the deviations of the angle C1–C10–C9 from 120° is also 

used as a parameter to describe the distortion. For naphthalene and mainly for the 

acenaphthenes (due to different bay angles) the splay angle is used. The splay angle 

is defined as the sum of the bay angles (S1–C1–C10 + C1–C10–C9 + C10–C9–S9) 

minus 360°. A negative value can indicate an attractive bonding interaction, whereas 

a positive value can be considered as an indication for repulsive bonding forces.  

o The peri-distance: The distance between the substituents S1···S9 is used to 

describe the combined effects of in-plane and out-of-plane distortions. This parameter 

can also be used to determine whether a real bond exists between the two 

substituents or not. 
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o S1–S9 through-space spin-spin coupling: If S1 as well as S9 represent 

substituents with NMR active cores, the through-space coupling of the two atoms can 

indicate the strength of the interactions between the two atoms.[258, 261], 262] 

Surprisingly, although a rather large amount of peri-substituted compounds have been 

studied in the past no examples of peri-substituted phosphorus-tellurium compounds have 

been isolated and investigated to date. In terms of the synthesis, isolation and 

characterisation of mixed phosphorus-chalcogen systems and their use as ligands in 

coordination chemistry only a small amount of research has been published mainly by the 

Woollins’ group.[263, 264, 265, 266]  

Phosphorus-sulfur and -selenium derivatives are synthesised by initially adding the 

chalcogen compounds to the backbone followed by the subsequent addition of the 

organophosphorus substituent (Scheme 68).[263, 267] 

 

Scheme 68: Synthesis of peri-substituted phosphorus-chalcogen compounds.[263, 267] 

In contrast, for tellurium derivatives a Te–C cleavage is observed by using n-butyllithium in 

the second step, which prevents the isolation of P–Te compounds. 

A different approach to mixed phosphorus-chalcogen compounds supported by naphthalene 

backbones was based on the treatment of naphtho-dithiole, -thioselenole or -diselenole with 

Woollins’ reagent (WR).[104] The reaction in refluxing toluene resulted in the formation of six-

membered E–P(Se)–E’ (E, E’ = S, Se) heterocycles.[268] 

 
Scheme 69: Insertion of a P(Se)Ph fragment into naphthalene stabilised dichalcogen (E–E’) compounds.[268] 

In contrast, the formation of a tellurium derivative by this pathway was not observed.30 

 

                                                 
30 G. Hua, J. D. Woollins, unpublished work. 
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B THROUGH-SPACE SPIN-SPIN COUPLING IN PERI-SUBSTITUTED SYSTEMS 

Nuclear magnetic resonance (NMR) is an essential analytical method in the investigations of 

inorganic, organic or biological materials. Apart from the chemical shift of certain nuclei 

dependent on its chemical environment (shielding), the electron-mediated spin-spin coupling 

(J) provides important information for the determination of molecular structures. The classic 

interpretation of these couplings is based on interactions of covalently bonded atoms.[262] 

However, numerous theoretical and experimental investigations have shown that scalar J 

spin couplings are also operating through non-bonded interactions that can be called 

“through-space” internuclear spin-spin couplings.[262] The current literature on “through-

space” spin coupling has recently been reviewed by Hierso, so that this introduction will 

focus on the through-space coupling in 31P NMR, as this is a subject in the following 

chapter.[262]  

Through-space spin-spin coupling was first recognised by Saika and Gutowski[269] and 

analysed by Mallory, who proposed overlap interactions between lone pairs as the origin of 

the through-space coupling constants.[270] Mallory for instance studied peri-substituted 

fluorine systems, where a constrained geometry was used to reduce the non-bonding 

distance between two fluorine atoms. “This resulted in the overlap of two lone pair orbitals 

exhibiting an in-phase and out-of-phase combination (no bonding stabilisation was observed 

as both bonding and antibonding orbitals are occupied)” (Figure 124 A and B).[262, 270]  

 

Figure 124: A: Overlap of two fluorine lone pair orbitals resulting in through-space spin-spin coupling; B: MO 

scheme showing bonding and antibonding orbitals as a result of the overlap of two lone pairs; C+D: Extension of 

the lone pair overlap interaction model to P atoms (C) and to coordination to transition metal complexes (D).[270] 

“However, the lone pair overlap provides a suitable pathway for the transmission of spin 

information, whereas the magnitude of the J depends on the extent of this overlap.”[262] 

Besides the well-studied fluorine systems the observation and investigation of through-space 

spin-spin coupling in 31P NMR grows in popularity in the research community.[262] For 

example, non-bonded J(P,P) couplings were studied in the tetraphosphane Fc(PPh2)4tBu2, 

where two lone pairs of the PIII centres overlap (Figure 124 C).[271] Furthermore, through-

space spin-spin coupling incorporating a metal complex was studied, which showed that also 
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only one lone pair orbital, which interacts with a bonding orbital, can transfer nuclear spin 

information through-space (Figure 124 D).[271] 

The investigations were not limited to through-space P···P or P···F couplings but extended to 

P···Se species. Because of possible contributions from the 3p and 3d phosphorus orbitals 

strong through-space spin-spin couplings are observed even with atom distances > 3.0 Å.[262]  

For instance, the monooxidised diphenylphosphinonaphthalene derivative presented in 

Figure 125 A exhibits 31P–77Se couplings of 54 Hz and even 31P–31P couplings of 53 Hz.[272] 

This should be a result of significant overlaps of lone pairs and thus through-space spin-spin 

coupling.[262] As one possibility the combination of through-space J(P,Se) and 1J(Se,P) was 

discussed, where the selenium lone pairs would be involved. Alternatively, the through-space 

coupling could be described as the interaction of the lone pair of the phosphorus atom (P) 

and the localised electrons of the P’=Se bond, similar to the one presented in Figure 124 

D.[262] 

 

Figure 125: 31P–77Se through-space spin-spin coupling in peri-substituted systems.[262, 263, 272] 

The aforementioned peri-substituted phosphorus-selenium systems (Figure 125 B) have 

also been studied by 31P NMR spectroscopy.[263] The system shown in Figure 125 B exhibits 

an extremely large J(P,Se) of 391 Hz as a result of a very effective lone pair overlap. In 

contrast, the absence of the free lone pair at the phosphorus atom as demonstrated in 

Figure 125 C, results in no or only marginal values for the J(P,Se).[262, 263] 

C OBJECTIVES 

The main objective of this chapter is the synthesis and characterisation of first examples of 

peri-substituted phosphorus-tellurium systems. It is expected that these systems show large 

through-space spin-spin couplings and a significant interaction of their lone pair orbitals. The 

contribution of different substituents on both the tellurium atom as well as the phosphorus 

atom to the through-space coupling constants will be tested, the influence of oxidation of the 

P or Te atoms will be investigated and the impact of coordination of metals will be discussed.  

Furthermore, reactions of the novel systems will be performed and the formation of stable P–

Te cations incorporating phosphorus-tellurium bonds will be attempted. 
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V.2 RESULTS AND DISCUSSION 

A PERI-SUBSTITUTED RTe–Acenap–P(iPr)2 SYSTEMS  

The observed problem of the cleavage of the tellurium-carbon bond upon the addition of n-

butyllithium to RTe–Acenap–Br or RTe–Nap–Br with the desire to form RTe–Acenap–P(iPr)2 

can be prevented by switching the synthetic steps and adding the organophosphorus 

scaffold first. (iPr)2P–Acenap–Br (P-5) can thus be reacted using tellurium sources such as 

ditellurides, tellurium powder or tellurium halides to form different RTe–Acenap–P(iPr)2 

derivatives. 

As a consequence the reaction of (iPr)2P–Acenap–Br[273] (P-5) with nBuLi and subsequently 

with different monotelluride iodides yielded a series of peri-substituted P,Te compounds that 

offer intriguing properties for 31P and 125Te NMR studies (Scheme 70). The RTeI fragments 

were freshly prepared by the treatment of ditellurides (R–Te–Te–R) with equivalent amounts 

of iodine at RT. 

 

Scheme 70: Reaction of (iPr)2P–Acenap–Br (P-5) with 1) nBuLi, THF, −78 °C and 2) RTeI (prepared from 

RTeTeR and I2) in THF at −78 °C. 

The reactions were performed in THF at temperatures of −78 °C and the products 

recrystallised from n-hexane, wherein they provide an average solubility. A second, very 

similar pathway uses the ditellurides directly as a reactant in the second step. However the 

first route turned out to be the favourable pathway, since less ditelluride is used and the work 

up procedure facilitated. The main by-product in these reactions is LiI, which is insoluble in n-

hexane and thus easily separable by filtration from the main product. A series of peri-

substituted phosphorus-tellurium acenaphthenes were isolated and characterised by using 

these synthetic pathways (Figure 126 and Figure 127). 

All synthesised compounds provide reasonable air stability (no decomposition of the solids 

was observed after three days; no oxidation of the PIII centres was observed) and good 

solubility in polar (THF, DCM) as well as low solubility in most non-polar solvents (n-hexane, 

toluene, benzene). In the following chapter the characteristics of the novel peri-substituted 

acenaphthenes are discussed with a focus on X-ray crystallography and NMR spectroscopy. 
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Figure 126: Synthesised compounds V-1 to V-4 with the general formula RTe–Acenap–P(iPr)2. 

The compounds V-1 to V-5 have been characterised by X-ray crystallography, multinuclear 

NMR spectroscopy, elemental analysis and mass spectrometry. Compounds V-6 to V-8 

could not be purified, due to comparably unselective reactions. 

 

Figure 127: Synthesised compounds V-5 to V-8 with the general formula RTe–Acenap–P(iPr)2. 

Colourless plates of MesTe–Acenap–P(iPr)2 (V-1) suitable for single crystal X-ray diffraction 

were isolated from a recrystallisation using n-hexane at −40 °C.  

 
Figure 128: X-ray crystal structure of MesTe–Acenap–P(iPr)2 (V-1). 
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Hydrogen atoms as well as a disordered THF molecule omitted for clarity. Selected bond lengths (Å) and angles 

(o): Te1–C1 2.146(4), Te1–C13 2.177(4), P9–C9 1.821(5), P9–C22 1.871(5), P9–C25 1.878(4), C1–C10 1.463(5), 

C9–C10 1.455(6), P···Te 3.205; C1–Te1–C13 95.02(16), C9–P9–C22 101.8(2), C9–P9–C25 102.3(2), C22–P9–

C25 101.2(2), Te1–C1–C10 125.1(3), P9–C9–C10 119.7(3), C1–C10–C9 130.2(4). 

The structure of MesTe–Acenap–P(iPr)2 (V-1) exhibits a rigid acenaphthene (Acenap) 

backbone with the tellurium atom being in the 5- and the phosphorus atom in the 6-position 

of the acenaphthene (Acenap) molecule. The phosphorus atom is substituted with two iso-

propyl groups, which means that the P atom is in the oxidation state +III. The tellurium atom 

is substituted by a mesityl group and features the oxidation state +II. 

The phosphorus-tellurium peri-distance P9···Te1 is with 3.205 Å significantly shorter (83 % of 

the Σrvdw) compared to the sum of the van der Waals radii (Σrvdw) of phosphorus and tellurium 

(3.86 Å)[81] but much longer than the longest bond observed for a phosphorus-tellurium bond 

(2.604(1) Å[65] or 2.637(3) Å[50]). The resulting expected interaction of the peri-substituted 

atoms is observed by large P,Te couplings in the appropriate 31P and 125/123Te NMR spectra. 

The Te1–C1 bond length in V-1 of 2.146(4) Å is comparable to that of similar compounds 

(e.g. 2.148(10) Å for peri-substituted Br, TePh; 2.155(17)-2.180(17) Å for peri-substituted 

PhTe, TePh)[259] and can thus be seen as a usual Te–C single bond. Likewise the bond 

length of P9–C9 (1.821(5) Å) is a common length observed for a P–C single bond, especially 

in similar systems (e.g. 1.846(4) Å for the starting material, the peri-substituted 

Br, PiPr2).[251], 31 

The acenaphthene skeleton of MesTe–Acenap–P(iPr)2 (V-1) is mainly planar with the central 

acenaphthene ring torsion angles C6–C5–C10–C1 and C4–C5–C10–C9 being 176.90° and 

177.58°. The out-of-plane displacement of the phosphorus atom is 0.130 Å, measured from 

the mean plane of the acenaphthene, whereas the tellurium atom diverges by 0.239 Å.  

Furthermore, the Te1–C1–C9–P9 torsion angle in V-1 is −7.57°. Small, negative values for 

this torsion angle shows an attractive interaction exists between the two peri-substituted 

atoms, whereas a larger angle should be observed for a more repulsive interaction. The 

splay angle for MesTe–Acenap–PiPr2, defined as the Σ of the three bay region angles 

−360°,[259]
 is found to be 15.0°. This value is in accordance with chalcogen-chalcogen or 

chalcogen-halogen peri-substituted acenaphthenes that were reported earlier (16.8° for peri-

substituted Br–Acenap–TePh; 18.3° for I–Acenap–TePh; 18.4° for PhTe–Acenap–TePh, 

15.0° for PhS–Acenap–TePh, 17.1° for PhSe–Acenap–TePh).[259] Larger splay angles mean 

a more repulsive interaction between the peri-substituted atoms, smaller splay angles a more 

attractive one.[259] 
                                                 
31 Crystal structure of Br–Acenap–PiPr2 unpublished, B. A. Chalmers, P. Kilian. 



CHAPTER V: PHOSPHORUS-TELLURIUM COMPOUNDS SUPPORTED BY ORGANIC BACKBONES 

 180 

The 31P NMR spectrum of MesTe–Acenap–P(iPr)2 (V-1) consists of a singlet at −20.9 ppm 

showing satellites for the through-space J(P,125Te) of 1332 Hz and a set that can be 

assigned to the through-space J(P,123Te) of 1105 Hz. Furthermore, small satellites 

representing the through-space J(P,C13) of 93 Hz can be isolated from the 31P NMR 

spectrum. Accordingly, the 125Te NMR spectrum of V-1 reveals a doublet of doublets at 

372.2 ppm showing the J(125Te,P) of 1337 Hz and the very small J(125Te,P) of 4.3 Hz. For 

comparison reasons a 123Te NMR spectrum was recorded showing a resonance at 

370.2 ppm with a J(123Te,P) of 1105 Hz consistent with the coupling constant observed in the 
31P NMR spectrum.  

To test whether the 31P NMR shows differences in the solid state compared to its behaviour 

in solution, a solid-state 31P NMR spectrum was recorded (Figure 129). 

 
Figure 129: A+B: Solid-state 31P NMR spectrum (242.99 MHz, MAS 40 kHz). C: Solid-state 125Te NMR spectrum 

(126.28 MHz, 10.5 kHz).  

Similarly to the solution-state 31P NMR spectrum, a singlet at −25.8 ppm accompanied by 
125Te-satellites with a J(P,125Te) of 1336 Hz can be observed in the solid-state 31P NMR of 

MesTe–Acenap–P(iPr)2 (V-1). Furthermore, the solid-state 125Te NMR exhibits a doublet 

resonance at 403.1 ppm. In terms of NMR spectroscopy, it can be concluded that these 

compounds do not seem to behave differently in solid state when compared to its state in 

solution.  
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The rather large J(P,125Te) of 1332 Hz in connection with the P···Te distance of 3.205 Å 

raises the question about how to describe the interaction between the peri-substituted 

phosphorus and tellurium atoms in MesTe–Acenap–P(iPr)2 (V-1) . 

 
Figure 130: Possible representation of the MesTe–Acenap–P(iPr)2 (V-1), in consideration of the bond length and 
1J(P,125Te). 

As discussed before the P···Te distance in MesTe–Acenap–P(iPr)2 (V-1) of 3.205 Å does not 

allow to represent the interaction as a single bond, since it is significantly larger compared to 

reported phosphorus-tellurium bond lengths (cf. General Introduction D). This would strongly 

support the representation according to Figure 130 A.  

In this particular case the very low P···Te distance is a result of the peri-substitution and the 

rigid backbone of the two elements, resulting in a bond distance that is about 83 % of the 

sum of the van der Waals radii of phosphorus and tellurium (3.86 Å).[81] This forces the two 

atoms into an interaction that results in a very large J(31P,125Te) that is usually observed for 

strong P–Te single bonds or bonds with a significant double bond character. Subsequently, 

an explanation of the observed J(31P,125Te) could be a lone pair overlap as described in 

Figure 130 B. This would allow spin information to be transferred between the phosphorus 

and the tellurium atom as observed before for phosphorus-selenium systems (cf. 

Introduction).[262] 

Considering the large J(P,125Te) the representation of the bond as a donor-acceptor 

interaction (Figure 130 C) could also be an explanation for the rather large coupling 

constant. To resolve this issue and to clarify the bonding interaction we performed suitable 

calculations on these systems. Figure 131 illustrates the calculated superpositions of the 

natural bonding orbitals (NBO) of MesTe–Acenap–P(iPr)2 (V-1) using the B3PW91/SDD/6-

311G* level. 

Figure 131 A shows the lp(P)→σ*(TeC) donor-acceptor interaction that causes the 

conformations of the ligands. According to a second-order perturbation analysis in the NBO 

analysis this interaction is about 12 kcal/mol. The notable WBI of 0.17 is mainly a result of 

this interaction. As a result, the interaction between the phosphorus and the tellurium atom 

as well as the carbon atom of the ligand (C13) bonded to the tellurium can be described as 

PTe
R

PTeR PTe
R

A B C
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an onset three-centre (P9,Te1,C13) four-electron type interaction. The large through-space 

J(P,C13) of 93 Hz further supports this interpretation. 

Furthermore, Figure 131 B illustrates the overlap of the lone pairs on the phosphorus and 

the tellurium atom that is jointly responsible for the through-space spin-spin coupling 

between both nuclei and the observation of the large values for the P,Te coupling constants. 

These high values of the coupling constants could not only be explained by donor-acceptor 

interactions. 

A B  

Figure 131: Superposition of selected NBOs of V-1 (B3PW91/SDD/6-311G* level, isovalue 0.04 au)32 illustrating 

A. the lp(P)→σ*(TeC) donor-acceptor interaction and B. the overlap of the lone pairs on P and Te (hydrogen 

atoms omitted for clarity). 

These observations support the interpretations that the large J(P,Te) values are mainly a 

result from the orbital overlap of the lone pairs at the phosphorus and tellurium atoms (cf. 

J(P,Se) values for the peri-substituted phosphorus-selenium systems vide supra).[262] 

However, it is expected that the donor-acceptor interaction into the antibonding Te–C13 

orbital might also contribute to the P–Te coupling constant. 

Another crystal structure of the series of RTe–Acenap–P(iPr)2 systems was obtained for 

TipTe–Acenap–P(iPr)2 (V-2) after recrystallisation of the substance from n-hexane at −40 °C. 

The crystals were obtained as colourless platelets. The molecular structure is depicted in 

Figure 132.  

TipTe–Acenap–P(iPr)2 (V-2) exhibits a very similar structure to its mesityl analogue MesTe–

Acenap–P(iPr)2 (V-1). However, the P–Te peri-distance of 3.094 Å is smaller than in V-1 

(3.205 Å) resulting in a slightly larger through-space J(P,125Te) value of 1357 Hz (cf. 

1332 Hz).  

                                                 
32 For technical reasons 6-311G(d) instead of 6-311+G(d) basis had to be used to plot the NBOs (single point calculation on the 

optimised geometries).  



CHAPTER V: PHOSPHORUS-TELLURIUM COMPOUNDS SUPPORTED BY ORGANIC BACKBONES 

 183 

 
Figure 132: X-ray crystal structure of TipTe–Acenap–P(iPr)2 (V-2) . 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–C1 2.149(2), Te1–C13 

2.174(3), P9–C9 1.832(3), P9–C28 1.866(3) P9–C31 1.854(4), C9–C10 1.435(4), C1–C10 1.436(4), P···Te 3.094; 

C1–Te1–C13 96.27(11), C9–P9–C28 101.84(13), C9–P9–C31 103.11(14), C28–P9–C31 106.41(14), Te1–C1–C2 

116.4(2), Te1–C1–C10 124.61(19), C1–C10–C9 129.0(2), P9–C9–C10 119.81(19). 

As presented in Table 11 other values such as interatomic distances and angles are very 

comparable. The phosphorus atom in TipTe–Acenap–P(iPr)2 (V-2) deviates by 0.119 Å (cf. 

0.130 Å for V-1) and the tellurium atom by 0.162 Å (cf. 0.239 Å for V-1) from the mean plane 

of the acenaphthene backbone. The Te1–C1–C9–P9 torsion angle is 6.67° (−7.57° for V-1), 

the splay angle is 13.4° (cf. 15.0° for V-1), which would support the interpretation of a 

marginally less repulsive system in V-2 when compared to V-1. 

As observed for the structural parameters, the NMR values of V-2 are also very similar to 

those of V-1 (Table 15). A single resonance at −21.4 ppm is observed in the 31P NMR 

spectrum accompanied by 125Te satellites that reveal the through-space J(P,125Te) value of 

1357 Hz and a J(P,123Te) of 1127 Hz, respectively. Furthermore, satellites revealing a 

J(P,C13) of 91 Hz were observed. The 125Te NMR spectrum confirms the J(P,125Te) by 

showing a doublet at 320.9 ppm. 

Yellow prisms of NapTe–Acenap–P(iPr)2 (V-3) were isolated after a recrystallisation from n-

hexane at −40 °C (Figure 133). 

Similar to V-1 and V-2 the naphthalene substituted analogue NapTe–Acenap–P(iPr)2 (V-3) 

exhibits peri-substituted phosphorus-tellurium atoms with a peri-distance of 3.108 Å. As 

presented in Table 11 all structural parameters are very similar to those observed for the 

other structurally characterised analogues (V-1, V-2, V-4, V-5).  
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Figure 133: X-ray crystal structure of NapTe–Acenap–P(iPr)2 (V-3). 

Hydrogen atoms and two DCM molecules are omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–

C1 2.151(8), Te1–C13 2.172(8), P9–C9 1.837(9), P9–C23 1.873(10), P9–C26 1.851(9), C1–C2 1.387(12), C1–

C10 1.447(12), Te1···P1 3.108; C1–Te1–C13 95.5(3), C9–P9–C23 101.9(4), C9–P9–C26 104.8(4), C23–P9–C26 

104.2(4), Te1–C1–C2 116.7(6), Te1–C1–C10 124.2(6), C2–C1–C10 119.0(7), P9–C9–C8 121.2(6), P9–C9–C10 

119.1(7), C1–C10–C9 129.5(8). 

NapTe–Acenap–P(iPr)2 (V-3) shows a Te1–C1–C9–P9 torsion angle of 10.06° and a splay 

angle of 12.8°, which is the smallest angle in the series, suggesting that the Nap-system is 

the least repulsive one. This is supported by calculations showing the largest J(P,125Te) value 

in the series of 1234 Hz, the shortest calculated P–Te distance (3.088 Å) and the largest 

Wiberg Bond Index (WBI) of 0.19.33  

However, this assumption could not be confirmed experimentally, where a P–Te distance of 

3.108 Å and a J(P,125Te) value of 1349 Hz were found. Apart from the P,Te coupling 

constant, the 31P NMR spectrum of V-3 reveals a singlet at −21.4 ppm with a large through-

space and over one bond J(P,C) of 109 Hz (three-centre four-electron interaction). Similar to 

the related systems the 125Te NMR spectrum exhibits a doublet at 483.9 ppm. 

Single crystals suitable for X-ray crystallography of AnTe–Acenap–P(iPr)2 (V-4) were 

obtained after recrystallisation from n-hexane at −40 °C (Figure 134). The crystals were 

isolated as colourless prisms. 

As discussed before the structural parameters of AnTe–Acenap–P(iPr)2 (V-4) are very 

comparable to the other structures in the series (Table 11).  

                                                 
33 The WBI is a parameter to classify the strength or presence of a bond. The value 1 is therefore the ideal value for a single 

bond.[277] 
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Figure 134: X-ray crystal structure of AnTe–Acenap–P(iPr)2 (V-4) . 

Hydrogen atoms and disordered n-hexane molecule omitted for clarity. Selected bond lengths (Å) and angles (o): 

Te1–C1 2.155(3), Te1–C13 2.150(4), P9–C9 1.826(4), P9–C20 1.863(4), P9–C23 1.852(4), C1–C10 1.443(5), 

C9–C10 1.434(5), P···Te 3.090; C1–Te1–C13 97.71(14), C9–P9–C20 101.54(17), C9–P9–C23 104.83(18), C20–

P9–C23 105.99(18), Te1–C1–C10 124.0(3), P9–C9–C10 120.1(3), C1–C10–C9 129.3(3). 

The phosphorus atom deviates 0.030 Å, the tellurium atom 0.008 Å from the mean plane of 

the acenaphthene, the smallest values in the series. Similarly the Te1–C1–C9–P9 torsion 

angle of −0.87° and the P···Te peri-distance represent the lowest values when compared to 

V-1, V-2, V-3 and V-5.  

The 31P NMR spectrum of AnTe–Acenap–P(iPr)2 (V-4) features a singlet at −20.4 ppm 

(J(P,125Te) = 1323 Hz; J(P,C) = 100 Hz) and a doublet at 580.9 ppm in the 125Te NMR 

spectrum, which is quite low field shifted when compared to the aforementioned systems 

(Table 15).  

Furthermore, the phenyl analogue PhTe–Acenap–P(iPr)2 (V-5) was characterised by X-ray 

crystallography (Figure 135). Yellow prisms were obtained after recrystallisation from n-

hexane at −40 °C. 

The P–Te distance of 3.131 Å in PhTe–Acenap–P(iPr)2 (V-5) is similar to the other systems 

with a through-space J(P,125Te) of 1306 Hz, which represents the lowest value in the series. 

The Te1–C1–C9–P9 torsion angle is −10.72°, the deviation of the phosphorus atom from the 

mean plane −0.158 Å and 0.311 Å for the tellurium atom.  
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Figure 135: X-ray crystal structure of PhTe–Acenap–P(iPr)2 (V-5). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–C1 2.151(2), Te1–C13 

2.153(2), P9–C9 1.829(2), P9–C19 1.865(2), P9–C22 1.867(2), C1–C2 1.373(3), C9–C10 1.435(3), P9···Te1 

3.131; C1–Te1–C13 96.49(9), C9–P9–C19 105.40(11), C9–P9–C22 103.00(10), C19–P9–C22 102.51(10), Te1–

C1–C2 117.16(15), Te1–C1–C10 123.51(17), P9–C9–C8 121.08(18), P9–C9–C10 120.25(16), C1–C10–C9 

129.7(2). 

Further structural parameters are given in Table 11. As observed before the 31P NMR 

spectrum reveals a singlet at −20.8 ppm and the 125Te NMR spectrum shows a doublet at 

597.4 ppm, which is the largest value in the series (Table 15). 
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The important structural parameters such as interatomic distances and angles of the 

compounds V-1 to V-5 are summarised in Table 11. 

Table 11: Selected interatomic distances (Å) and angles [°] of the compounds RTe–Acenap–P(iPr2). 

Compound (R) V-1 V-2 V-3 V-4 V-5 

Peri-moieties Mes Tip Nap MeO Ph 

Peri-region distances and sub-van der Waals contacts 

d(Te1···P9) 3.205 3.094 3.108 3.090 3.131 

% ΣrvdW
a 83 80 81 80 81 

Peri-region bond angles 

Te1–C1–C10 125.1(3) 124.61(19) 124.2(6) 124.0(3) 123.51(17) 

C1–C10–C9 130.2(4) 129.0(2) 129.5(8) 129.3(3) 129.7(2) 

P9–C9–C10 119.7(3) 119.81(19) 119.1(7) 120.1(3) 120.25(16) 

Σ of bay anglesb 375.0 373.4 372.8 373.4 373.5 

Splay angle 15.0 13.4 12.8 13.4 13.5 

Out-of-plane displacement 

Te1 0.239 0.162 0.276 0.008 0.311 

P9 −0.130 −0.119 −0.175 −0.030 −0.158 

Te1–C1–C9–P9 −7.57 6.67  10.06  −0.87  −10.72 

Central acenaphthene ring torsion angles 

C6–C5–C10–C1 176.90 178.24 176.34 179.39 178.05 

C4–C5–C10–C9 177.58 178.79 177.49 178.46 178.55 
a van der Waals radii used for calculations: rvdW(P) = 1.80 Å; rvdW(Te) = 2.06 Å,[81]; b Splay angle: Σ of the three 
bay region angles −360. 

Within a cooperation we were also able to synthesise and characterise an analogous system 

to MesTe–Acenap–P(iPr)2 (V-1), where the iso-propyl groups at the phosphorus atom have 

been replaced by phenyl groups to yield MesTe–Acenap–P(Ph)2 (V-1X).[34] The system 

exhibits a peri-distance of 3.181 Å and a through-space coupling of J(P,125Te) = 1213 Hz. 

The 31P NMR spectrum of V-1X reveals a singlet at −29.5 ppm and the 125Te NMR spectrum 

shows a doublet at 410.8 ppm. Thus, even if the peri-distance compared to MesTe–Acenap–

P(iPr)2 (V-1) is smaller (cf. 3.205 Å), the through-space spin-spin coupling is also smaller. 

This suggests a weaker overlap of the lone pair orbitals at the two peri-substituted atoms and 

eventually a weaker three-centre four-electron type interaction as the C13-Te···P9 is 

deviating more from the ideal 180° than the compounds V-1 to V-5. 

One of the major differences of the compounds V-1 to V-5 is the alignment of the moieties at 

the tellurium and phosphorus atoms as shown in Figure 136. 

                                                 
34 The work on V-1X was done by Emanuel Hupf within the group of Jens Beckmann from the University of Bremen. The in-

detail discussion and crystal structure will be presented in a combined paper (vide infra). 
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V-1 V-2 V-3  
 

V-4     V-5  

Figure 136: View on the compounds V-1 to V-5 along the acenaphthene backbone. 

The geometrical structures of compounds V-1 to V-5 can be described by the conformation 

and arrangement of the acenaphthene ring and iso-propyl moieties relative to the two CAcenap-

P9-CiPr planes and the CAcenap-Te1-CR plane.  

As illustrated in Figure 136 the ligands on the tellurium atom adopt a position that is mainly 

perpendicular to the acenaphthene backbone. Furthermore, the ligands on the tellurium as 

well as the phosphorus atom show slightly different C10-C1–Te1–C13 and C10–C9–P9–CiPr 

torsion angles (Table 12). These angles determine the conformation of the R-groups on the 

tellurium atom as well as on the phosphorus atom. The positioning of the ligands is a 

parameter to investigate the influences and presence of a “three-centre four-electron type 

interaction” with the C13, Te and P atoms involved.[259, 274, 275]  

When the torsion angles (C10-C1–Te1–C13 and C10–C9–P9–CiPr) approach 90° the 

arrangement is denoted axial, whereas an equatorial orientation is indicated by angles close 

to 180°.[274] Nakanishi et al. introduced a classification system,[275] where axial conformations 

are described as type A structures, equatorial as type B and the twist conformation as type 

C.[274, 275] All compounds V-1 to V-5 show very similar torsion angles with the predominant 

Nakanishi ligand arrangement[275] BCA and for the mesityl systems V-1 and V-1X an 

arrangement of CCA.  

Furthermore, a linear alignment of the three centres (C13, Te, P) would support a weak 

“three-centre four-electron type interaction”, which should lead to a more attractive 

interaction between the peri-substituted phosphorus and tellurium atoms (smaller peri-

distance). As shown in Table 12 the C13–Te1···P9 angles are in the range of 154.92 to 

171.44°, whereas the angle of 180° supports a “three-centre four-electron interaction” best. If 

the R-group on the tellurium atom is in equatorial position the resulting C13–Te1···P9 angles 

are closer to this value supporting attractive interactions between the peri-substituted atoms. 
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As the equatorial positions of the R-groups at the tellurium atom support a three-centre four-

electron bond better the mesityl groups show comparably large P···Te peri-distances (Table 
11). 

Table 12: (Torsion) angles [°] categorising the acenaphthene and ligand conformations in V-1 to V-5.* 

 C13–Te1···P9 C10-C1–Te1–C13  C10–C9–P9–CiPr1 C10–C9–P9–CiPr2 

V-1 158.78 Mes: θ1 154.81 twist-C iPr: θ2 145.66 twist-C iPr: θ3 109.99 axial-A 

V-2 166.51 Tip: θ1 163.75 equatorial-B iPr: θ2 142.92 twist-C iPr: θ3 106.90 axial-A 

V-3 167.47 Nap: θ1 179.52 equatorial-B iPr: θ2 150.10 twist-C iPr: θ3 101.48 axial-A 

V-4 168.64 An: θ1 169.90 equatorial-B iPr: θ2 149.63 twist-C iPr: θ3 100.16 axial-A 

V-5 171.44 Ph: θ1 171.77 equatorial-B iPr: θ2 149.86 twist-C iPr: θ3 103.04 axial-A 

V-1X 154.92 Mes: θ1 152.74 twist-C Ph: θ2 157.18 twist-C Ph: θ3 94.80 axial-A 

* 67.5-112.5°: axial-A; 157.5-202.5: equatorial-B; 112.5-157.5: twist-C. 

In addition to the compounds V-1 to V-5, the systems TolTe–Acenap–P(iPr)2 (V-6), p-

tBuPhTe–Acenap–P(iPr)2 (V-7) and p-FPhTe–Acenap–P(iPr)2 (V-8) were synthesised and 

characterised by multinuclear NMR spectroscopy and in the case of V-6 by mass 

spectrometry. The NMR data for these systems is summarised in Table 15 and reveals close 

similarities to the species V-1 to V-5. 
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It was expected that the oxidation of the phosphorus atom would have a significant influence 

on the through-space spin-spin coupling as the lone pair at the phosphorus atom would no 

longer be available for the transfer of spin information. This was also observed before for the 

peri-substituted phosphorus-selenium systems discussed above (e.g. Ph2(E)P–Nap–SePh (E 

= O, S, Se)).[262, 263] 

Thus, elemental sulfur as well as selenium was reacted with MesTe–Acenap–P(iPr)2 (V-1). 

The reaction in toluene at temperatures between 80-110 °C afforded the PV systems MesTe–

Acenap–P(S)(iPr)2 (V-9) and MesTe–Acenap–P(Se)(iPr)2 (V-10), respectively (Scheme 71).  

 

Scheme 71: Oxidation of the phosphorus centre of MesTe–Acenap–P(iPr)2 by using sulfur and selenium. 

The recrystallisation of MesTe–Acenap–P(S)(iPr)2 (V-9) from DCM at −40 °C yielded yellow 

prisms that were analysed by X-ray crystallography. The resulting molecular structure of V-9 

is presented in Figure 137. 

 
Figure 137: X-ray crystal structure of MesTe–Acenap–P(S)(iPr)2 (V-9). 
Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–C1 2.135(2), Te1–C13 

2.156(2), S9–P9 1.9652(8), P9–C9 1.830(2), P9–C22 1.855(2), P9–C25 1.840(3), C1–C2 1.381(3), C1–C10 

1.430(3), C9–C10 1.444(3); C1–Te1–C13 93.26(8), S9–P9–C9 113.41(7), S9–P9–C22 108.07(9), S9–P9–C25 

115.32(9), C9–P9–C22 105.60(10), C9–P9–C25 104.96(11), C22–P9–C25 109.00(12), Te1–C1–C2 113.55(16), 

Te1–C1–C10 126.18(15), C2–C1–C10 119.47(19), P9–C9–C8 115.47(16), P9–C9–C10 125.79(16), C1–C10–C9 

130.65(19). 

PTe
E

toluene, 80 °C, 12 h

E = S, Se

PTe

E

V-1 V-9 (E = S); V-10 (E = Se)
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The oxidation of the phosphorus atom to form MesTe–Acenap–P(S)(iPr)2 (V-9) causes the 

formation of a much more constrained system when compared to its PIII derivative V-1. The 

P⋅⋅⋅Te peri-distance elongates to 3.619 Å (cf. 3.205 Å in V-1) but is still shorter than the sum 

of the van der Waals radii (3.86 Å).[81] 

The splay angle extends to 22.6° (cf. 15.0° in V-1), which can be interpreted as a stronger 

repulsive system when compared to V-1. Consistently, the out-of-plane displacement of the 

tellurium atom increases to 0.711 Å (cf. 0.239 Å for V-1) and for the phosphorus atom to 

−0.618 Å (cf. −0.130 Å for V-1), which causes the T1–C1–C9–P9 torsion angle to increase to 

30.67° (−7.57° for V-1). The central acenaphthene ring torsion angles decrease to 171.29° 

and 174.81°, which thus deviate more significantly from the ideal 180° angle when compared 

to V-1 (176.90° and 177.58°). The Te⋅⋅⋅S distance of 3.151 Å is significantly smaller than the 

sum of van der Waals radii of tellurium and sulfur (3.86 Å).[81] As a result an orbital interaction 

between these atoms can be expected (cf. vide infra NMR data for the Te,Se example). The 

sulfur in V-9 is bonded over a P=S double bond (1.9652(8) Å) and deviates 1.719 Å from the 

mean plane of the acenaphthene backbone. Further structural properties can be found in 

Table 13. 

The 31P NMR spectrum of MesTe–Acenap–P(S)(iPr)2 (V-9) depicts a single resonance at 

62.2 ppm with no visible P–Te coupling. The oxidation of the PIII centre to the PV species 

causes a decrease in the shielding and a subsequent downfield shift when compared to V-1 

(−20.9 ppm). However, calculations (Table 15) suggest a small P–Te coupling of 15 Hz, 

which could be hidden under the phosphorus resonance in the experimental spectrum. The 

coupling could either be a result of a 4J(P,Te) or more likely from partial through-space 

coupling (P=S⋅⋅⋅Te).35 The 125Te NMR spectrum of V-9 exhibits a broad singlet at 447.0 ppm.  

Yellow prisms of MesTe–Acenap–P(Se)(iPr)2 (V-10) suitable for X-ray analysis were afforded 

after recrystallisation of the crude product from DCM at −40 °C . The molecular structure of 

V-10 is illustrated in Figure 138. 

The structure of MesTe–Acenap–P(Se)(iPr)2 (V-10) is mainly isostructural to its sulfur 

derivative V-9 and consequently exhibits a more constrained geometry when compared to its 

starting material V-1 (compare structural parameters in Table 13). The distance of the Se 

atom from the mean plane of the acenaphthene backbone is 1.905 Å. The values describing 

the out-of-plane displacement as well as the central acenaphthene ring torsion angles of V-
10 are very similar to those of V-9 (Table 13). 

 

                                                 
35 This interpretation was made after the finding of a large J(Te,Se) in MesTe–Acenap–P(Se)(iPr)2 (V-10) dicussed below. 
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Figure 138: X-ray crystal structure of MesTe–Acenap–P(Se)(iPr)2 (V-10). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–C1 2.130(2), Te1–C13 

2.156(2), Se9–P9 2.1211(7), P9–C9 1.830(2), P9–C22 1.854(3), P9–C25 1.847(3), C1–C2 1.383(3), C1–C10 

1.435(3), C9–C10 1.448(3), P9···Te1 3.643; C1–Te1–C13 93.33(8), Se9–P9–C9 113.27(8), Se9–P9–C22 

107.31(9), Se9–P9–C25 115.70(9), C9–P9–C22 105.98(11), C9–P9–C25 105.38(11), C22–P9–C25 108.73(12), 

Te1–C1–C2 113.52(15), Te1–C1–C10 126.53(16), C2–C1–C10 119.2(2), P9–C9–C8 115.36(17), P9–C9–C10 

125.87(16), C1–C10–C9 130.4(2). 

The Se⋅⋅⋅Te distance of 3.252 Å is significantly smaller than the sum of the van der Waals 

radii of a tellurium and a selenium atom (3.96 Å). As proposed for V-9 this could result in an 

interaction of two non-bonding orbitals of the two atoms.  

The 31P NMR of MesTe–Acenap–P(Se)(iPr)2 (V-10) exhibits a singlet at 55.6 ppm 

accompanied by 125Te satellites that reveal a small P–Te coupling of 13 Hz and 77Se 

satellites, which show a 1J(P,Se) of 695 Hz.  

 
Figure 139: Proposed overlap of non-bonding orbitals of the tellurium and selenium atom, which are responsible 

for the transfer of spin information. 

The 77Se NMR spectrum features a doublet at −353.7 ppm, whereas the 125Te NMR consists 

of a doublet of doublets at 448.5 ppm (J(Te,P) = 13 Hz and J(Te,P) = 3 Hz). The resonance 

is accompanied by 77Se satellites revealing a J(125Te,77Se) of 684 Hz. The calculated value of 

PTe

Se

V-10
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510 Hz for this interaction is slightly smaller (cf. Table 15). Such a large coupling constant 

can be explained by the interaction of two non-bonding orbitals of the two chalcogen atoms 

that transfer the spin information through space (Figure 139). 

Furthermore, the influence of complexation on the J(P,Te) value, the interaction of the peri-

substituted atoms and the overall structure was studied. 

The reaction of (COD)PtCl2 with MesTe–Acenap–P(iPr)2 (V-1) in DCM at RT yielded the 

platinum complex [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11) in quantitive yield (Scheme 72). 

 

Scheme 72: Complexation of MesTe–Acenap–P(iPr)2 (V-1) to form the platinum complex V-11. 

The reaction was extremely selective and should be versatile enough to yield similar 

complexes with all other RTe–Acenap–P(iPr)2 compounds (V-2 to V-8). 

Recrystallisation of crude [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11) from DCM at −40 °C 

afforded yellow prisms suitable for X-ray analysis. The molecular structure is presented in 

Figure 140. 

 
Figure 140: X-ray crystal structure of [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11). 

Hydrogen atoms and two DCM molecules omitted for clarity. Selected bond lengths (Å) and angles (o): Pt1–Te1 

2.4801(4), Pt1–Cl1 2.3845(8), Pt1–Cl2 2.3384(7), Pt1–P9 2.2430(8), Te1–C1 2.109(3), Te1–C13 2.133(3), P9–

C9 1.844(3), P9–C22 1.849(3), P9–C25 1.844(3), C1–C2 1.379(4), C1–C10 1.423(4), C9–C10 1.439(4); Te1–

PTe

DCM, RT

(COD)PtCl2
PTe

Pt
Cl Cl

V-1 V-11
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Pt1–Cl1 81.88(2), Te1–Pt1–Cl2 167.19(2), Te1–Pt1–P9 95.80(2), Cl1–Pt1–Cl2 87.59(3), Cl1–Pt1–P9 177.37(3), 

Cl2–Pt1–P9 94.56(3), Pt1–Te1–C1 109.93(7), Pt1–Te1–C13 106.46(7), C1–Te1–C13 93.93(10), Pt1–P9–C9 

120.10(9), Pt1–P9–C22 108.12(10), Pt1–P9–C25 111.35(10), C9–P9–C22 107.50(13), C9–P9–C25 101.86(12), 

C22–P9–C25 107.16(14), Te1–C1–C2 111.81(19), Te1–C1–C10 126.90(19), C2–C1–C10 121.3(2), P9–C9–C8 

113.8(2), P9–C9–C10 128.61(18), C1–C10–C9 130.7(2). 

[MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11) exhibits a bridging Pt atom that connects the peri-

substituted phosphorus and tellurium atoms that are bonded to the acenaphthene ring. The 

ligands at the platinum atom adopt a distorted planar environment. The P···Te peri-distance 

of 3.508 Å (cf. 3.205 Å for V-1) is shorter than the sum of the van der Waals radii (3.86 Å),[81] 

as observed for all aforementioned examples (V-1 to V-10).  

The splay angle of 26.2° in V-11 is slightly enhanced, when compared to those of the sulfur 

(V-9, 22.6°) and selenium (V-10, 22.8°) derivatives, suggesting a more repulsive system. In 

contrast the out-of-plane displacement is minor, with the tellurium atom deviating 0.115 Å 

and the phosphorus atom −0.074 Å from the mean plane of the acenaphthene backbone. 

The distance of the Pt atom to the mean plane is 0.659 Å. The central acenaphthene torsion 

angles of V-11 are both close to 180° (cf. 179.84° and 178.34°), which suggests a rather 

relaxed geometry of the acenaphthene backbone. 

The 31P NMR spectrum of [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11) consists of a singlet at 

14.5 ppm accompanied by 195Pt satellites revealing a 1J(P,195Pt) of 3482 Hz. The 125Te NMR 

spectrum exhibits a doublet at 472.9 ppm (J(P,125Te) = 17 Hz) with a 1J(125Te,Pt) value of 

695 Hz. Furthermore, a doublet at −4412 ppm is observed in the 195Pt NMR spectrum 

confirming the 1J(P,195Pt) observed in the 31P NMR spectrum. The calculated values 

presented in Table 15 are a match to the observed NMR parameters with the exception of 

those calculated for the platinum NMR. In contrast to the examples V-1 to V-8 the J(P,125Te) 

of 17 Hz is expected to be a result of the transfer spin information through bonds. 

Treatment of MesTe–Acenap–P(iPr)2 (V-1) (with impurities of LiBr) with AuCl•THT in DCM at 

RT, yielded the gold complex [MesTe–Acenap–P(iPr)2][AuBr] (V-12) (Scheme 73). 

 
Scheme 73: Reaction of MesTe–Acenap–P(iPr)2 (V-1) with AuCl•THT, yielding the P–Au-complex [MesTe–

Acenap–P(iPr)2][AuBr] (V-12). 

PTe

DCM, RT
AuCl(THT)

PTe
Au

Br

• LiBr impurities

V-1 V-12
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[MesTe–Acenap–P(iPr)2][AuBr] (V-12) was recrystallised from DCM at −40 °C to give 

colourless chips suitable for X-ray analysis. The molecular structure of V-12 is depicted in 

Figure 141. 

 
Figure 141: Two distinct molecules within the X-ray crystal structure of [MesTe–Acenap–P(iPr)2][AuBr] (V-12). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Au9–Br1 2.408(2), Au9–P9 

2.259(5), Au39–Br31 2.403(2), Au39–P39 2.251(5), Te1–C1 2.153(15), Te1–C13 2.139(15), Te31–C31 

2.116(15), Te31–C43 2.151(15), P9–C9 1.813(17), P9–C22 1.836(14), P9–C25 1.845(16), P39–C39 1.827(15), 

P39–C52 1.857(17), P39–C55 1.84(2), C1–C2 1.40(2), C1–C10 1.39(2), C9–C10 1.44(2), C39–C40 1.44(2); Br1–

Au9–P9 173.64(11), Br31–Au39–P39 171.15(11), C1–Te1–C13 94.9(5), C31–Te31–C43 94.7(5), Au9–P9–C9 

116.8(6), Au9–P9–C22 106.0(6), Au9–P9–C25 115.7(6), C9–P9–C22 106.5(7), C9–P9–C25 102.8(7), C22–P9–

C25 108.7(7), Au39–P39–C39 117.3(6), Au39–P39–C52 104.9(6), Au39–P39–C55 113.3(6), C39–P39–C52 

106.1(7), C39–P39–C55 106.8(9), C52–P39–C55 107.9(8), Te1–C1–C2 110.6(11), Te1–C1–C10 127.8(11), C2–

C1–C10 121.0(14), P9–C9–C8 115.7(11), P9–C9–C10 125.9(13), C1–C10–C9 130.4(14), C31–C40–C39 

130.4(13), Te31–C31–C40 124.9(11), P39–C39–C40 124.6(12), C31–C40–C39 130.4(13). 

Two independent molecules of [MesTe–Acenap–P(iPr)2][AuBr] (V-12) were found within the 

crystal structure exhibiting different positions of the Mes ligand and the AuBr moiety. In 

contrast to the platinum complex V-11 the gold atom in V-12 is coordinated to the 

phosphorus atom only. This results in slightly different structural parameters as shown in 

Table 13. However, the P–Au–Br angles are 173.64(11)° (Br1–Au9–P9) and 171.15(11)° 

(Br31–Au39–P39), respectively, where the Au atom is bent towards the Te atom indicating 

an interaction through space. The observed Au⋅⋅⋅Te distance is 3.128 Å [3.141 Å for the 

second molecule], whereas actual Au–Te bonds are reported with bond lengths of about 

2.6 Å (e.g. 2.6149(8)-2.6446(9) Å in the Au(III) complex [{Ph2PNP(Te)Ph2}Au(µ-Te)]2[62] and 

2.616(7)-2.639(1) in the Au(I) complex Au(PPh3)[N(iPr2PTe)2][224]). 

The peri-distances between the phosphorus and tellurium atoms are 3.555 Å and 3.548 Å, 

respectively, which is about 92 % of the sum of van der Waals radii (cf. 3.86 Å).[81] The 

central acenaphthene torsion angles of 178.26° [176.21°] and 170.85° [171.87°] indicate a 

constrained system towards the phosphorus atom. The tellurium atom deviates 0.499 Å 
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[−0.674 Å] and the phosphorus atom −0.528 Å [0.668 Å] from the mean plane of the 

acenaphthene. The distance of the Au atom from this plane is 1.882 Å [1.899 Å for the 

second molecule]. 

The 31P NMR spectrum of [MesTe–Acenap–P(iPr)2][AuBr] (V-12) exhibits a single resonance 

at 46.8 ppm. The singlet is accompanied by 125Te satellites revealing a J(P,Te) value of 

292 Hz. This coupling constant might be too large to be a result of a spin transfer through 

bonds. Similar to the aforementioned [X2M][Fc(PPh2)4tBu2] species (Figure 124 D)[262, 271] the 

overlap of a lone pair orbital at the tellurium atom with an electron pair shared by the 

phosphorus and gold atom may cause the transfer of spin information (Figure 142). The 
125Te NMR consists of a doublet at 470.1 ppm, which confirms the J(P,Te) value observed in 

the phosphorus NMR spectrum. 

 
Figure 142: Proposed interaction of the lone pair orbital of the Te atom with the electron bonding orbital of the P–

Au bond, responsible for the transfer of spin information between the P and Te atoms. 

However, without a calculation of the pathway of the spin transfers, the alternative, that the 

tellurium atom is interacting more directly with the gold atom (as indicated by the P–Au–Br 

angle that is bend in the direction of the tellurium atom) cannot be ruled out entirely.  

The main product from the reaction of V-1 with AuCl•THT, where no LiBr impurities were 

found, was identified as the dioxidised phosphorus(V)-tellurium(IV) species Cl3Te–Acenap–

P(O)(iPr2). Colourless prisms of V-13 were obtained after recrystallisation from 

dichloromethane at 0 °C. The molecular structure of V-13 is depicted in Figure 143. 

Cl3Te–Acenap–P(O)(iPr2) (V-13) exhibits oxidised peri-substituted TeIV and PV atoms that are 

bridged by an oxygen atom. This oxygen atom is mainly bonded to the phosphorus atom but 

bent towards the tellurium atom to give a Te1···O1 distance of 2.152 Å (cf. 1.992(3)-

2.005(3) Å for a Te–O bond in Acenap(Br(Ph)Te)2(µ-O)).[276]  

Considering this interaction of the oxygen atom with the tellurium atom, the tellurium atom 

adopts a distorted planar pyramidal geometry with the three chlorine atoms and the oxygen 

atom occupying positions within one plane. In contrast, the phosphorus atom exhibits a 

distorted tetrahedral geometry as a result of the rigid backbone. The subsequent P–O···Te 

angle was found to be 133.80°.  

V-12

PTe
Au

Br
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Figure 143: X-ray structure of Cl3Te–Acenap–P(O)(iPr2) (V-13). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–Cl1 2.573(2), Te1–Cl2 

2.470(3), Te1–Cl3 2.478(3), Te1–O1 2.151(6), Te1–C1 2.145(9), P9–O1 1.535(7), P9–C9 1.777(9), P9–C13 

1.815(9), P9–C16 1.809(10), C1–C2 1.380(13), C1–C10 1.431(13), C9–C10 1.426(12); Cl1–Te1–Cl2 91.61(8), 

Cl1–Te1–Cl3 175.90(8), Cl1–Te1–O1 90.57(17), Cl1–Te1–C1 87.2(2), Cl2–Te1–Cl3 88.94(9), Cl2–Te1–O1 

177.64(18), Cl2–Te1–C1 91.6(2), Cl3–Te1–O1 88.82(17), Cl3–Te1–C1 88.7(2), O1–Te1–C1 87.6(3), O1–P9–C9 

109.8(4), O1–P9–C13 107.6(4), O1–P9–C16 111.6(4), C9–P9–C13 107.2(4), C9–P9–C16 112.2(4), C13–P9–

C16 108.2(5), Te1–O1–P9 133.8(4), Te1–C1–C2 115.2(7), Te1–C1–C10 123.7(6), C2–C1–C10 120.7(8), P9–

C9–C10 122.1(7), C1–C10–C9 130.5(8). 

The out-of-plane displacement measured from the mean plane of the acenaphthene is 

0.518 Å for the tellurium atom and −0.677 Å for the phosphorus atom. The oxygen atom 

deviates by −0.446 Å from the mean plane of the acenaphthene. The splay angle is 16.3°, 

whereas the Te1–C1–C9–P9 torsion angle of −30.30° is comparable to the PV systems V-9 

and V-10. The P···Te peri-distance is only 3.399 Å, which is 88 % of the sum of van der 

Waals radii. The central acenaphthene angles of 174.54° and 175.62° suggest marginal 

deviation from perfect planarity of the backbone. 

The 31P NMR spectrum of Cl3Te–Acenap–P(O)(iPr2) (V-13) exhibits a singlet at 74.0 ppm 

that is accompanied by 125Te satellites revealing a 2J(P,Te) of 136 Hz. This coupling is 

presumably a through-bond spin-spin coupling as there are no lone pair orbitals available for 

a through-space coupling. 

The packing as depicted in Figure 144 shows no noticeable interactions between the 

molecules apart from short Cl⋅⋅⋅H distances. 
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Figure 144: Packing of Cl3Te–Acenap–P(O)(iPr2) (V-13) illustrated along the a, b and c axis. 

A comparison of important structural parameters of the compounds V-9 to V-13 is given in 

Table 13. 

Table 13: Selected interatomic distances (Å) and angles [°] for compounds MesTe–Acenap–P(E)iPr2 (E = S (V-9), 

Se (V-10)), [MesTe–Acenap–PiPr2)(µ-PtCl2] (V-11), [MesTe–Acenap–P(iPr2][AuBr] (V-12) and Cl3Te–Acenap–

P(O)(iPr2) (V-13). 

Compound (R) V-9 V-10 V-11 V12 V-13 

atoms incorporated S Se PtCl2 AuBr1 [AuBr31]36 OTeCl3 

Peri-region distances and sub-van der Waals contacts 

d(Te1···P9) 3.619 3.643 3.508 3.555 [3.548] 3.399 

% ΣrvdW
a 94 94 91 92 [92] 88 

Peri-region bond angles 

Te1–C1–C10 126.18(15) 126.53(16) 126.90(19) 127.8(11) 
[124.9(11)]  

123.7(6) 

C1–C10–C9 130.65(19) 130.4(2) 130.7(2) 130.4(14) 
[130.4(13)] 

130.5(8) 

P9–C9–C10 125.79(16) 125.87(16) 128.61(18) 125.9(13) 
[124.6(12)] 

122.1(7) 

Σ of bay anglesb 382.6 382.8 386.2 384.1 
[381.2] 

376.3 

Splay angle 22.6 22.8 26.2 24.1 
[21.2] 

16.3 

Out-of-plane displacement 

Te1 0.711 0.709 0.115 0.499 
[−0.674] 

0.518 

P9 −0.618 −0.656 −0.074 −0.528 
[0.668] 

−0.677 

Te1–C1–C9–P9  30.67 31.62 −5.06 24.29 
[−31.96] 

−30.30 

Central acenaphthene ring torsion angles 

C6–C5–C10–C1 171.29 171.42 179.84 178.46 
[176.21] 

174.54 

C4–C5–C10–C9 174.81 174.56 178.34 170.85 
[171.87] 

175.62 

a van der Waals radii used for calculations: rvdW(P) = 1.80 Å; rvdW(Te) = 2.06 Å,[81]; b Splay angle: Σ of the three 
bay region angles −360. 

                                                 
36 The values in the brackets are for the second distinct molecule in the structure of IV-12. 
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As for systems V-1 to V-5 the ligand position can also be analysed for the compounds V-9 to 

V-13. The alignment of the ligands involved in these systems is depicted in Figure 145. 

V-9 V-10 V-1  

V-11 V-12 V-13  

Figure 145: View along the acenaphthene plane of V-9 to V-13 in comparison to V-1.  

The torsion angles as well as the C13–Te1···P9 angle categorising the ligand conformations 

in V-9 to V-13 are depicted in Table 14. 

Table 14: (Torsion) angles [°] categorising the acenaphthene and ligand conformations in V-1 and V-9 to V-13.* 

 C13–Te1···P9 C10-C1–Te1–C13  C10–C9–P9–CiPr1 C10–C9–P9–CiPr2 C10–C9–P9–X 

V-1 158.78 Mes: θ1 154.81 twist-C iPr: θ2 145.66 twist-C iPr: θ3 109.99 axial-A - 

V-9 140.38 Mes: θ1 120.59 twist-C iPr: θ2 142.37 twist-C iPr: θ3 102.51 axial-A S: θ4 24.21 twist-C 

V-10 139.25 Mes: θ1 119.08 twist-C iPr: θ2 142.71 twist-C iPr: θ3 102.14 axial-A Se: θ4 25.30 twist-C 

V-11 123.74 Mes: θ1 119.59 twist-C iPr: θ2 148.99 twist-C iPr: θ3 98.54 axial-A Pt: θ4 24.94 twist-C 

V-12a 141.79 Mes: θ1 124.77 twist-C iPr: θ2 147.44 twist-C iPr: θ3 98.43 axial-A Au: θ4 29.42 twist-C 

V-12b 145.07 Mes: θ1 123.32 twist-C iPr: θ2 138.85 twist-C iPr: θ3 106.30 axial-A Au: θ4 22.03 twist-C 

V-13 - Cl: θ1121.18 twist-C 

Cl: θ2147.29 twist-C 

Cl: θ3 58.38; O: θ7 30.51 

iPr: θ5 150.40 twist-C iPr: θ6 91.01 axial-A O: θ7 25.58 twist-C 

* 67.5-112.5° = axial-A; −22.5-22.5°; 157.5-202.5° = equatorial-B; 112.5-157.5; 22.5-67.5° = twist-C. 

The C13–Te···P angles in V-9 to V-12 deviate significantly from the ideal angle for a three-

centre four-electron bond (180°), which suggests a low probability of interaction between the 

peri-substituted atoms. The compounds V-9 to V-12 show the same ligand conformation 

(CCA) as their precursor V-1 with the difference of an extra ligand attached to the 

phosphorus atom (overall ligand conformation CCAC).  

As discussed, the compounds presented in this chapter offer opportunities to investigate an 

unusual chemical bonding situations between phosphorus and tellurium atoms. This is 

especially true for RTe–Acenap–P(iPr)2 compounds (R = aryl), which exhibit rather large 

P···Te distances of > 3.0 Å but show a significantly large 1J(P,Te) of > 1000 Hz, usually only 
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observed for compounds with P–Te single bonds exhibiting bond lengths of < 2.51 Å. As 

discussed for V-1 the main reason for the large coupling constants are lone pair orbital 

overlaps that cause the transfer of spin information between the phosphorus and tellurium 

cores. The NMR data that was discussed in this chapter is summarised in Table 15. 

Table 15: Comparison of bond lengths and NMR data of the RTe–Acenap–P(iPr)2. In black: Experimental values. 

In blue: Computed bond distances, Wiberg bond indices (WBIs), NMR chemical shifts and spin-spin coupling 

constants for the compounds V-1 to V-13.37 

Compound 
(R) 

d(P···Te) [Å] 

d(P···Te) [Å] (WBI) 
δ  31P NMR 

[ppm] 

δ  125Te 

NMR [ppm] 

J(P,125Te)38 
[Hz] 

J(P,123Te) 
[Hz] 

J(P,C13) 
[Hz] 

V-1 (Mes) 3.205 

3.123 (0.17) 

−20.9 

−15.9 

372.2 

307 

1332 

−1219 

1105 

 

93 

V-2 (Tip) 3.094 

3.101 (0.17) 

−21.4 

−21.8 

320.9 

252 

1357 

−1200 

1127 

 

91 

V-3 (Nap) 3.108 

3.088 (0.19) 

−21.4 

−19.3 

483.9 

450 

1349 

−1234 

1119 

 

109 

V-4 (p-An) 3.090 

3.096 (0.17) 

−20.4 

−18.8 

580.9 

582 

1323 

−1176 

1096 

 

100 

V-5 (Ph) 3.131 

3.097 (0.18) 

−20.8 

−19.5 

597.4 

614 

1306 

−1185 

1084 

 

100 

V-6 (Tol) - −20.5 569.9 1310 1087 99 

V-7 (p-tBuPh) - −20.5 584.4 1308 1082 101 

V-8 (p-FPh) - −21.0 579.0 1335 1108 107 
       

Compound d(P···Te) [Å] 
d(P···Te) [Å] (WBI) 
d(Te···X) [Å] (WBI) 

δ  31P NMR 

[ppm] 

δ  125Te NMR 

[ppm] 

J(P,125Te) 
[Hz] 

δ  [ppm]  

 

J [Hz] 
 

V-9 (S) 3.619 

3.640 (0.02) 

3.201 (0.10) 

62.2  

63.2 

447.0 

405 

0 

15 

- - 

V-10 (Se) 3.643 

3.663 (0.03) 

3.201 (0.11) 

55.6  

62.3 

448.5 

399 

13 

13 

77Se = 

−353.7  

77Se = −286  

Te–Se = 
684  

Te–Se = 
−510  

V-11 (Pt) 3.508 

3.561 (0.06) 

2.543 (0.75) 

14.5  

7.9 

472.9 

471 

17 

−1 

195Pt = 
−4412  
195Pt = 
−1874  

Te–Pt =  
695 

Te–Pt = 
1578  

V-12 (Au) 3.555 

3.552 (0.04) 

3.201 (0.16) 

46.8  
32.1 

470.1 
379 

292 
−221 

  

V-13 (OTeCl4)  74.0  136   

                                                 
37 Computational details can be found in the “Materials and Method” part of the “Experimental Section”. 
38 All coupling constants from experimental data in the thesis are reported as absolute values. However, the calculated 1J(P,Te) 

or 1J(Te,Se) were shown to be negative. 
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Apart from the values for the platinum NMR, the calculated NMR values match the 

experimental data in most of the examples very well and support the overall trends observed 

for the different systems. 

The high values of the Wiberg bond index (WBI)[277] of the compounds V-1 to V-5, are of 

particular interest, as these are in the range from 0.17 to 0.19. Whereas single bonds usually 

approach values of 1, the figures for a significant three-centre four-electron bonding (3c–4e) 

were reported to be around 0.55 (for 1,6-Dibromo-2-phenyl-1,2-diselenaacenaphthylene with 

d(Se–Se) = 2.516 and 2.542 Å).[263, 278] However, weak three-centre four-electron type 

interactions were discussed for compounds with a WBI of around 0.14 to 0.19 (e.g. PhTe–

Acenap–TePh, radical cations of PhSe–Nap–P(E)Ph2 (E = O, S, Se)).[259, 263] 

Consequently, the interactions between the peri-substituted (C13)–Te atom and the P atom 

in the systems V-1 to V-5 can be described as weak “three-centre four-electron type 

interactions.” In contrast, the P–Te WBI values of 0.02 to 0.06 found in compounds V-9 to V-
13 indicates a very minor interaction between non-bonded atoms in these compounds. 

Furthermore, the reaction of MesTe–Acenap–P(iPr)2 (V-1) with I2 was investigated with the 

objective to oxidise the tellurium atom selectively. Unfortunately, the desired product 

(MesTe(I)2–Acenap–P(iPr)2) was not observed but instead we obtained a cationic species, 

which led us to the investigations presented in the following part of this chapter (cf. V-18, 

vide infra). 
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B CATIONIC Acenap–P(iPr)2–Te SPECIES WITH DIFFERENT COUNTERIONS 

In an attempt to synthesise species of the form XTe–Acenap–P(iPr)2 or X3Te–Acenap–

P(iPr)2 (X = Cl, Br, I) the precursor Br–Acenap–P(iPr)2 (P-5) was treated with a range of 

tellurium halides after P-5 had been lithiated. The predominant reaction product of these 

reactions was the cation [Te–Acenap–P(iPr)2]+ incorporating a P–Te bond. These cations 

exhibit a range of different counterions that are responsible for differentiating supramolecular 

structures and variations in the structure of the cation itself. Further reactions have also been 

shown to yield these cations as a result of a Te–C bond cleavage. 

The reaction of Br–Acenap–P(iPr)2 (P-5) with n-butyllithium and subsequently with the 

tellurium dichloride tetramethyl thiourea (TMTU) complex yielded the cation [Te–Acenap–

P(iPr)2]+ with a chlorine counterion as the major product (Scheme 74).  

 

Scheme 74: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) a TeCl2•TMTU complex to yield V-14. 

The recrystallisation of the crude product from DCM at −40 °C yielded colourless crystals 

suitable for X-ray single crystal analysis. The molecular structure of [Te–Acenap–P(iPr)2][Cl] 

(V-14) is depicted in Figure 146. 

 
Figure 146: X-ray crystal structure of [Te–Acenap–P(iPr)2][Cl] (V-14). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–P9 2.512(3), Te1–C1 

2.143(12), P9–C9 1.780(11), P9–C13 1.830(12), P9–C16 1.844(11), C1–C2 1.373(16), C1–C10 1.415(14), C9–

C10 1.434(15); P9–Te1–C1 82.1(3), Te1–P9–C9 99.2(3), Te1–P9–C13 113.6(4), Te1–P9–C16 114.0(4), C9–P9–

PBr PTeCl
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THF, –78°C
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C13 109.9(5), C9–P9–C16 107.6(5), C13–P9–C16 111.6(5), Te1–C1–C2 123.4(8), Te1–C1–C10 116.8(8), C2–

C1–C10 119.7(11), P9–C9–C8 125.5(8), P9–C9–C10 115.8(8), C1–C10–C9 125.6(10). 

In contrast to compounds V-1 to V-13, the peri-substituted system [Te–Acenap–P(iPr)2][Cl] 

(V-14) features a P–Te bond with a distance of 2.512(3) Å. The positive charge of the cation 

[Te–Acenap–P(iPr)2]+ is presumably mainly located at the phosphorus atom as this atom 

shows four single bonds exhibiting a distorted tetrahedral geometry. The tellurium atom 

shows a very short interatomic distance of 2.921 Å to the chlorine anion, which is significantly 

shorter than the sum of the van der Waals radii (3.81 Å).[81] The Cl···Te–P angle is with 

172.44° close to linearity.  

A compound similar to [Te–Acenap–P(iPr)2][Cl] (V-14) had been described before as σ-donor 

stabilised mesityltellurenyl cation containing a polar covalent Te–P bond 

[MesTe(PPh3)]+[O3SCF3]−.[66] Calculations showed that most of the positive charge is located 

at the donor phosphorus atom thus making it a phosphonium cation. The P–Te bond length 

in [MesTe(PPh3)]+[O3SCF3]− was found to be 2.467(1) Å and thus slightly shorter than in V-14 

(2.512(3) Å). 

The Te–C bond length of 2.143(12) Å in [Te–Acenap–P(iPr)2][Cl] (V-14) is comparable with 

the one in [MesTe(PPh3)]+[O3SCF3]− (cf. 2.127(3) Å).[66] The same is true for the P–C bond 

distances ranging from 1.780(11)-1.844(11) Å (cf. 1.798(3)-1.802(3) Å).[66]  

Furthermore, the related species [BbtTe(PPh3)]X (X = O3SCF3, BF4, N(O3SCF3)2) were 

reported with P–Te bond lengths of 2.4654(8)-2.4698(9) Å and no observable interaction with 

the anions.[279] In addition, Ph3PTe(Ph)I[75] showed an elongated P–Te bond length of 

2.568(2) Å and a Te···X (X = I) interaction of 3.0930(9) Å. Consequently, Ph3PTe(Ph)I was 

described as a charge-transfer (C.-T.) complex as the Te···I distance is significantly shorter 

than the sum of the van der Waals radii (4.04 Å).[75]  

The Te···Cl interaction in [Te–Acenap–P(iPr)2][Cl] (V-14) as discussed before can also be 

seen as a C.-T. complex, where electron density from the non-bonding orbital of the tellurium 

atom is transferred into the LUMO of the chlorine atom (cf. d(Te···Cl) = 2.921 Å compared to 

ΣrvdW = 3.81 Å).[81] This interaction results in an elongation of the P–Te bond. 

[Te–Acenap–P(iPr)2][Cl] (V-14) exhibits an interesting supramolecular structure as illustrated 

in Figure 147. The molecules align in chains with linear Cl······P–Te···Cl fragments and 

P······Cl···Te angles of 97.55°. 
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Figure 147: Representation of the packing of [Te–Acenap–P(iPr)2][Cl] (V-14) illustrating the chain entities. 

The packing along the a, b and c axis of [Te–Acenap–P(iPr)2][Cl] (V-14) is depicted in Figure 
148. 

           

Figure 148: Packing of [Te–Acenap–P(iPr)2][Cl] (V-14) shown along the a, b and c axis. 

The 31P NMR spectrum of [Te–Acenap–P(iPr)2][Cl] (V-14), measured in [D2]DCM consists of 

a singlet at 47.6 ppm accompanied by 125Te satellites, which reveal a 1J(P,Te) coupling of 

830 Hz. The 125Te NMR spectrum showed a doublet at 190.1 ppm, confirming the coupling 

constant observed in the phosphorus NMR spectrum. 

The treatment of Br–Acenap–P(iPr)2 (P-5) with n-butyllithium and subsequently with one 

equivalent of tellurium powder yielded two products as monitored by 31P NMR spectroscopy. 

The minor product was identified as the bromine equivalent of V-14, [Te–Acenap–P(iPr)2][Br] 

(V-15) (Scheme 75). 

 

Scheme 75: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) Te to yield [Te–Acenap–P(iPr)2][Br] (V-
15). 

The main product in this reaction could not be identified by X-ray crystallography but is 

assumed to be [(iPr)2P–Acenap]2[µ-Te] as the compound exhibits large P–Te couplings of 

1225 Hz (presumably as a result of through-space spin-spin coupling) and a shift of 

−19.3 ppm in the 31P NMR spectrum, similar to the compounds V-1 to V-5. 
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The crude product was recrystallised from n-hexane to yield crystals (colourless chunks) of 

[Te–Acenap–P(iPr)2][Br] (V-15) suitable for single crystal X-ray analysis. The molecular 

structure of V-15 is illustrated in Figure 149.  

 
Figure 149: X-ray crystal structure of [Te–Acenap–P(iPr)2][Br] (V-15). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–P9 2.4935(8), Te1–C1 

2.134(3), P9–C9 1.792(3), P9–C13 1.835(3), P9–C16 1.830(3), C1–C10 1.416(4), C9–C10 1.424(4), Br···Te1 

3.105; P9–Te1–C1 82.39(8), Te1–P9–C9 99.53(10), Te1–P9–C13 112.43(10), Te1–P9–C16 114.89(10), C9–P9–

C13 110.24(13), C9–P9–C16 108.54(13), C13–P9–C16 110.58(14), Te1–C1–C10 116.7(2), P9–C9–C10 

115.1(2), C1–C10–C9 126.2(2), Br···Te1–P9 170.72. 

The cation [Te–Acenap–P(iPr)2]+ in V-15 exhibits mainly the same structural features as 

observed in [Te–Acenap–P(iPr)2][Cl] (V-14). This includes a phosphorus-tellurium bond of 

peri-substituted atoms and an interaction of the counterion bromine with the tellurium atom. 

The acenaphthene backbone remains planar with central acenaphthene ring torsion angles 

of 179.36° and 179.95°, which is very close to the 180° observed for perfect planarity of the 

backbone. Consequently, the phosphorus atom only deviates by 0.157 Å and the tellurium 

atom by 0.133 Å from the mean plane of the acenaphthene backbone. The Te1–C1–C9–P9 

torsion angle is 1.28° and the splay angle was identified to be −2.0°, supporting the 

impression of a very unconstrained system. 

Similarly to V-14 the 31P NMR spectrum of [Te–Acenap–P(iPr)2][Br] (V-15) was measured in 

[D2]DCM and exhibits one singlet at 45.1 ppm (cf. 47.6 ppm for V-14) accompanied by 125Te 

satellites, which reveal a 1J(P,Te) coupling of 908 Hz (cf. 830 Hz for V-14). The larger P,Te 

coupling constant compared to V-14 is consistent with the shorter P–Te bond length of 

2.4935(8) Å (cf. 2.512(3) Å for V-14). The difference in the P–Te bond length is presumably 

due to the different interaction with the counterions Cl− and Br−. The interaction of the 
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tellurium atom with the chlorine atom is assumed to be stronger, which results in a weaker 

P–Te bond and subsequently in elongation. 

The tellurium-bromine distance is 3.105 Å, significantly longer than observed in similar 

compounds incorporating tellurium-bromine bonds (e.g. 2.6583(19)-2.7025(17) Å in peri-

substituted PhTe(Br)2–Acenap–Br, 2.6766(17)-2.6850(17) Å in peri-substituted PhTe(Br)2–

Acenap–SPh, 2.6808(9)-2.6859(9) Å in peri-substituted PhTe(Br)2–Acenap–SePh).[259] 

However, the distance is shorter than the sum of the van der Waals radii of tellurium and 

bromine (3.91 Å).[81] This supports, similarly to the interaction in V-14, the assumption that 

the interaction is rather weak and cannot be seen as a bond but as a charge-transfer type 

interaction.  

The interaction of the bromine and tellurium atoms results in the formation of dimers with 

Te···Br distances of 3.105 Å and 3.802 Å, respectively (Figure 150). 

 
Figure 150: View on the dimerisation of [Te–Acenap–P(iPr)2][Br] (V-15). 

The packing of [Te–Acenap–P(iPr)2][Br] (V-15) is illustrated in Figure 151 and characterised 

by π-stacking of the acenaphthene systems (cf. b-axis) and the orientation of two molecules 

to form dimers (cf. a-axis). 

 

Figure 151: Packing of V-15 • DCM shown along the a, b and c axis. 
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The reaction of Br–Acenap–PiPr2 (P-5) with nBuLi and subsequently with one equivalent of 

TeI4 yielded the cationic species [Te–Acenap–P(iPr)2]+ with either iodine or 0.5 [TeI6]2− as 

counterions (Scheme 76). 

 

Scheme 76: Reaction of Br–Acenap–P(iPr)2 (P-5) with 1) nBuLi and 2) TeI4 to yield [Te–Acenap–P(iPr)2][I] (V-16) 

and [AcenapTeP(iPr)2][TeI6]0.5 (V-17). 

Both adducts are insoluble in the solvents n-hexane, toluene and THF. The crystal structures 

of the cationic species were isolated after recrystallisation from dichloromethane at a 

temperature of −40 °C. The molecular structures are depicted in Figure 152 (V-16) and 

Figure 153 (V-17), respectively. 

 
Figure 152: X-ray crystal structure of [Te–Acenap–P(iPr)2][I] (V-16). 
Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–P9 2.5107(16), Te1–C1 

2.152(6), P9–C9 1.797(6), P9–C13 1.844(6), P9–C16 1.835(6), C1–C10 1.427(8), C9–C10 1.430(9), Te1···I1 

3.342; P9–Te1–C1 82.45(17), Te1–P9–C9 99.5(2), Te1–P9–C13 114.8(2), Te1–P9–C16 113.6(2), C9–P9–C13 

108.0(3), C9–P9–C16 110.2(3), C13–P9–C16 110.2(3), Te1–C1–C2 124.6(4), Te1–C1–C10 116.2(4), P9–C9–

C10 115.3(4), C1–C10–C9 126.4(5), I···Te1–P9 170.98. 

The iodine derivative [Te–Acenap–P(iPr)2][I] (V-16) complements the series of the chlorine 

and bromine analogues V-14 and V-15 and exhibits consequently the same structural 

features. These include a P–Te bond of 2.5107(16) Å, which lies between the values that 

were observed for the chlorine derivative V-14 (2.512(3) Å) and the bromine analogue V-15 

(2.4935(8) Å). The difference of these bond lengths is presumably a result of the 

PTe

 • 0.5 [TeI6]2
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supramolecular structures and the interaction of the halogen atoms with the tellurium atom. 

In contrast to V-14 and V-15 the packing diagram shows no Te···I intermolecular interaction 

between different molecules. 

In V-16 the Te···I distance was found to be 3.342 Å (with a I···Te–P angle of 170.98°), which 

is significantly lower than the sum of van der Waals radii of tellurium and iodine (4.04 Å).[81] 

However, the tellurium-iodine distance is also significantly longer than that observed in 

compounds with two iodine atoms attached to the tellurium atom by a bond (e.g. 2.9613(8)-

2.9199(8) Å in peri-substituted PhTe(I)2–Acenap–Br, 2.8860(19)-2.9648(19) Å in peri-

substituted PhTe(I)2–Acenap–SPh, 2.8976(14)-2.9630(14) Å in peri-substituted PhTe(I)2–

Acenap–SePh).[259] Thus, as discussed for V-14 and V-15 the interaction can be considered 

as a charge-transfer type interaction. 

As observed for V-15 the central acenaphthene ring torsion angles of [Te–Acenap–P(iPr)2][I] 

(V-16) deviates by less than 1.0° from 180°, which means that the backbone remains planar. 

Consequently, the phosphorus atom deviates not more than by 0.180 Å and the tellurium 

atom by 0.088 Å from the mean plane of the acenaphthene. The Te1–C1–C9–P9 torsion 

angle is 2.63°, where the splay angle shows a value of −2.1° indicating attractive interactions 

of the peri-substituted atoms. 

The 31P NMR spectrum of V-16 exhibits only one resonance at 50.5 ppm and is 

accompanied by 125Te satellites revealing a 1J(P,Te) value of 963 Hz. It is assumed that V-17 

was only observed as a very minor product and could not be identified by 31P NMR 

spectroscopy. 

Red prisms were identified as [Te–Acenap–P(iPr)2][TeI6]0.5 (V-17) after recrystallisation from 

DCM. The molecular structure of V-17 is illustrated in Figure 153. 

As observed for V-14 to V-16 the derivative [Te–Acenap–P(iPr)2][TeI6]0.5 (V-17) exhibits the 

cationic species [Te–Acenap–P(iPr)2]+ with 0.5 eq. of the anion [TeI6]2−. In contrast to V-14 to 

V-16 the anion in V-17 is not in any contact with the tellurium atom of the cationic system. As 

the phosphorus-tellurium bond is not weakened by the presence of a charge-transfer 

interaction, the bond length of 2.4640(16) Å is shorter than in the systems V-14 to V-16 (cf. 

2.4935(8)-2.512(3) Å). 

Similar to the aforementioned cationic species the cation in V-17 remains planar with angles 

of 179.14° and the more deviating angle C6–C5–C10–C1 of 176.83°. However, the 

phosphorus atom deviates by 0.046 Å from the mean plane of the acenaphthene backbone, 

whereas the tellurium atom has a value of 0.113 Å for this deviation. The Te1–C1–C9–P9 

torsion angle is only 3.11°, where the splay angle of −2.5° indicates an attractive interaction, 

which is consistent with the presence of a phosphorus-tellurium bond. 



CHAPTER V: PHOSPHORUS-TELLURIUM COMPOUNDS SUPPORTED BY ORGANIC BACKBONES 

 209 

A B  
Figure 153: A. X-ray crystal structure of [Te–Acenap–P(iPr)2][TeI6]0.5 (V-17); B. Mercury representation. 

Hydrogen atoms omitted for clarity. One DCM molecule is visible in the crystal structure (omitted in A); for two 

[AcenapTeP(iPr)2]+ one [TeI6]2− is present to balance the charge. In figure A just half a [TeI6]2− molecule is shown. 

Selected bond lengths (Å) and angles (o): I1–Te2 2.9980(8), I2–Te2 2.9749(7), I3–Te2 2.8981(8), Te1–P9 

2.4640(16), Te1–C1 2.143(9), P9–C9 1.796(9), P9–C13 1.825(7), P9–C16 1.827(8), C1–C10 1.401(9), C9–C10 

1.424(10); IX–Te2–IX 87.077(19)-92.799(19) or 175.309(16)-179.82(3), P9–Te1–C1 83.19(18), Te1–P9–C9 

99.2(2), Te1–P9–C13 113.5(2), Te1–P9–C16 111.2(2), C9–P9–C13 109.7(4), C9–P9–C16 111.3(3), C13–P9–

C16 111.4(3), Te1–C1–C10 115.6(6), P9–C9–C10 115.2(5), C1–C10–C9 126.7(8). 

As the packing diagram shows, two acenaphthene ring systems are staggered head to tail 

over each other, with the [TeI6]2− dianions taking the space in-between the staggered cations. 

      

Figure 154: Packing of V-17 • DCM shown along the a, b and c axis. 
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Treatment of MesTe–Acenap–P(iPr)2 (V-1) with one equivalent of iodine resulted in a Te–C 

bond cleavage and the selective formation of [Te–Acenap–P(iPr)2][I] (V-16) and [Te–

Acenap–P(iPr)2][I3] (V-18). 

 

Scheme 77: Reaction of V-1 with iodine resulting in a Te–C cleavage to form V-16 and [Te–Acenap–P(iPr)2][I3] 

(V-18). 

Recrystallisation of the mixture of V-16 and V-18 resulted in the formation of two different 

single crystals suitable for X-ray crystallography. The yellow crystals have been identified as 

V-16, whereas [Te–Acenap–P(iPr)2][I3] (V-18) crystallised in the form of red prisms. The 

molecular structure of V-18 is depicted in Figure 155. 

 
Figure 155: X-ray crystal structure of [Te–Acenap–P(iPr)2][I3] (V-18). 

Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): I21–I22 2.9943(5), I22–I23 

2.8586(4), Te1–P9 2.4622(7), Te1–C1 2.130(2), P9–C9 1.795(2), P9–C13 1.825(3), P9–C16 1.829(3), C1–C2 

1.378(3), C1–C10 1.416(3), C9–C10 1.420(3); I21–I22–I23 175.202(10), P9–Te1–C1 83.17(7), Te1–P9–C9 

99.37(8), Te1–P9–C13 114.36(9), Te1–P9–C16 110.95(8), C9–P9–C13 110.57(11), C9–P9–C16 110.81(11), 

C13–P9–C16 110.34(12), Te1–C1–C2 124.78(17), Te1–C1–C10 115.84(17), C2–C1–C10 119.4(2), P9–C9–C10 

115.17(17), C1–C10–C9 126.2(2). 

Similar to [Te–Acenap–P(iPr)2][TeI6]0.5 (V-17) the cationic system [Te–Acenap–P(iPr)2]+ in V-
18 exhibits a comparably short phosphorus-tellurium bond length of 2.4622(7) Å, which is the 

smallest value in the series presented above.  

PTePTe
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As observed for the other systems the acenaphthene backbone is planar (179.34°-179.50° 

for the central acenaphthene ring torsion angles) with the P atom deviating −0.046 Å and the 

Te atom 0.113 Å from the mean plane of the acenaphthene fragment. The Te1–C1–C9–P9 

torsion angle was measured to be 3.11° and the splay angle was calculated to be −2.8 Å, 

supporting a very attractive interaction of the two peri-substituted atoms. The splay angle is 

the smallest in the series V-14 to V-18, which is in accordance with the observation of the 

shortest P–Te bond length. 

The 31P NMR spectrum of [Te–Acenap–P(iPr)2][I3] (V-18) exhibits a singlet at 59.7 ppm with 
125Te satellites revealing a 1J(P,Te) value of 1041 Hz, which is the largest coupling constant 

observed in the compounds V-14 to V-18. This supports the observation of the shortest P–Te 

bond length of 2.4622(7) Å. The 125Te NMR spectrum confirms the 1J(P,Te) value by 

revealing a doublet at 183.9 ppm. 

 

Figure 156: Packing of [Te–Acenap–P(iPr)2][I3] (V-18), shown along the a, b and c axis. 
 

The packing structure of [Te–Acenap–P(iPr)2][I3] (V-18) depicted in Figure 156 reveals short 

Te⋅⋅⋅I distances of 3.497 Å and 3.881 Å, respectively (cf. ΣrvdW
 4.04 Å).[81]  

The interatomic bond lengths and angles of V-14 to V-18 are summarised in Table 16, 

whereas the NMR data of these compounds is illustrated in Table 17. 

Table 16: X-ray parameters for the cation [AcenapTeP(iPr)2]+ with different counterions (X = Cl, Br, I). 

Parameters V-14 V-15 V-16 V-17 V-18 

Counterion Cl Br I ½ TeI6 I3 

d(Te1⋅⋅⋅X1) 2.921 3.105 3.342 - - 

d(Te1–P9) 2.512(3) 2.4935(8) 2.5107(16) 2.4640(16) 2.4622(7) 

∠ X⋅⋅⋅Te–P 172.44 170.72 170.98 - - 

Peri-region bond angles 

Te1–C1–C10 116.8(8) 116.7(2) 116.2(4) 115.6(6) 115.84(17) 

C1–C10–C9 125.6(10) 126.2(2) 126.4(5) 126.7(8) 126.2(2) 

P9–C9–C10 115.8(8) 115.1(2) 115.3(4) 115.2(5) 115.17(17) 

Σ of bay anglesa 358.2 358.0 357.9 357.5 357.2 

Splay angle −1.8 −2.0 −2.1 −2.5 −2.8 
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Out-of-plane displacement 

Te1 0.054 0.133 0.088 0.113 0.052 

P9 −0.123 −0.157 −0.180 −0.046 −0.106 

Te1–C1–C9–P9  −4.64 1.28 2.63 3.11 4.19 

Central acenaphthene ring torsion angles 

C6–C5–C10–C1 176.74 179.39 179.25 176.82 179.34 

C4–C5–C10–C9 178.60 179.95 179.14 179.59 179.50 
a Splay angle: Σ of the three bay region angles −360. 

Table 17: 31P and 125Te NMR data for the cationic [(iPr)2P–Acenap–Te]+ species. 

Compound d(P–Te) 

[Å] 

δ  31P NMR 

[ppm] 

δ  125Te NMR 

[ppm] 

1J(P,125Te) 

[Hz] 

V-14 [MesTe–Acenap–P(iPr)2][Cl] 2.512(3) 47.6 (s) 190.1 (d) 830 

V-15 [MesTe–Acenap–P(iPr)2][Br] 2.4935(8) 45.1 (s) - 908 

V-16 [MesTe–Acenap–P(iPr)2][I] 2.5107(16) 50.5 (s) - 963 

V-17 [MesTe–Acenap–P(iPr)2][TeI6]0.5 2.4640(16) presumably hidden under V-16 

V-18 [MesTe–Acenap–P(iPr)2][I3] 2.4622(7) 59.7 (s) 183.9 (d) 1041 
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C INSERTION OF ORGANOPHOSPHORUS SCAFFOLDS IN DITELLURIDES 

The findings by Hua et al. illustrated that an insertion in the E–E (E = S, Se) bond of the 

NapE2 compounds is a possibility.[268] On that note we developed a novel synthetic pathway 

to incorporate organophosphorus moieties into Te–Te bond systems. The reaction of the 

readily isolatable NapTe2 with Super-Hydride® (Li(C2H5)3BH) and subsequent reaction with a 

organophosphorus dichlorophosphane was assumed to yield six-membered heterocycles 

with a Te–P(R)–Te scaffold (Scheme 78).  

 

Scheme 78: Synthesis of novel Te–P(R)–Te species stabilised by a naphthalene backbone. 
 

The thermal stability of the NapTeP(R)Te compounds turned out to be rather low and fast 

decomposition under the formation of the NapTe2 was usually observed by 31P NMR 

spectroscopy. The insertion of a phosphorus atom seems to lead to a more strained system, 

thus favouring the reformation of the Te–Te compound with the elimination of the PR-moiety.  

However, the investigations showed that a Trt derivative could be formed, which was 

observed by 31P NMR spectroscopy with a single resonance and 125Te satellites. After 

removal of the solvent the compound was characterised by mass spectrometry.39 However, 

the compound is extremely labile in solution and upon exposure to air, which prevented 

further characterisation. 

Ongoing investigations showed that the sulfur and selenium derivatives (R = tBu) can be 

synthesised and easily characterised by adapting the approach discussed above to form 

derivatives that are thermally stable, even in solution or upon exposure to air. The difference 

in the size of the chalcogens together with the peri-distance and thus the tendency to form 

E–E bonds must thus play a crucial role in the formation of the E–P(R)–E (E = S, Se, Te) 

species.  

It can be expected that systems with a larger peri-distance are more favourable for the 

formation of stable Te–P(R)–Te systems. Unfortunately, there are difficulties in the synthesis 

of acenphtheneTe2 in sufficient yields, so that we have not been able to prove this 

assumption to date.  

                                                 
39 MS (EI+, m/z), 656.0 [M+] (calculated for C29H21PTe: 655.9 [M+]) with matching isotopic pattern.  
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V.3  CONCLUSION AND FUTURE WORK 

A CONCLUSION 

The first systems with peri-substituted phosphorus and tellurium atoms [RTe–Acenap–

P(iPr)2] were synthesised and characterised. The phosphorus and tellurium atoms in these 

novel systems [RTe–Acenap–P(iPr)2] are not linked through a formal bond but show 

significant through-space coupling as a result of an overlap of lone pairs. The R-group on the 

tellurium atom proved to have a marginal influence on the through-space spin-spin coupling 

and overall peri-distance of the compounds, whereas the change of the R-group on the 

phosphorus atom impacts the through-space coupling and peri-distance to a greater extent. 

The novel systems can readily be oxidised by chalcogens (S, Se) and are good ligands in 

coordination complexes. The introduction of S and Se at the P atom prevents the P···Te 

through-space spin-spin coupling as the lone pairs at the phosphorus atom are no longer 

available for interactions with those of the Te atom. Instead a through-space spin-spin 

coupling was observed between the selenium and the tellurium atom.  

Overall, three different through-space spin-spin coupling pathways have been observed in 

the investigation of the peri-substituted phosphorus-tellurium systems. 1) The interaction of 

two non-bonding orbitals of a phosphorus and a tellurium atom, 2) the interaction of two non-

bonding orbitals of a tellurium and a selenium atom and 3) an interaction of the non-bonding 

orbital of the tellurium atom with the orbital of a P–Au bond (Figure 157). 

 

Figure 157: Different pathways of through-space spin-spin coupling in different peri-substituted P/Te systems. 

Calculations of the WBIs and the superposition of selected NBOs showed that the 

compounds V-1 to V-5 exhibit weak three-centre four-electron type interactions. 

Figure 158 illustrates the correlation of the P···Te peri-distance in peri-substituted systems 

to the phosphorus-tellurium through-space spin-spin coupling constants, which suggest a 

strong relation (R2 = 0.948) of these two values. However, more compounds would be 

necessary to prove this assumption. Furthermore, it needs to be verifyed that the comparison 

of the through-space coupling of compounds V-1 to V-5 (on the left of Figure 158) to the one 

V-12

PTe

Se

PTe
Au

Br

V-10

PTe
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in V-12 (on the far right of Figure 158) is appropriate as the spin-coupling pathways might be 

different.  

 
Figure 158: Correlation of the P–Te bond lengths to the J(P,Te) values, for species exhibiting through-space 

spin-spin coupling. 

In contrast, the oxidation of [RTe–Acenap–P(iPr)2] by iodine results in a cleavage of the Te–

CR bond and a cationic system was observed [Te–Acenap–P(iPr)2]+ instead of the expected 

selective oxidation of the tellurium centre. The cations [Te–Acenap–P(iPr)2]+ are also 

observed as a result of the reaction of [Li–Acenap–P(iPr)2] with TeX4 (X = Cl, Br, I), 

TeCl2•TMTU and in numerous reactions as a by-product (e.g. [Li–Acenap–P(iPr)2] with Te 

powder). 

B FUTURE WORK 

The chemistry of peri-substituted systems is a very versatile and productive area of research, 

where novel bonding situations, through-space spin-spin coupling, unusual coordination 

complexes and interesting electronic structures can be obtained and studied. Almost all main 

group-elements and even transition metals of the periodic table could theoretically be peri-

substituted in the appropriate systems (e.g. acenaphthene, naphthalene etc.) and the 

influence of their narrow positions be studied. 

For the peri-substituted P–Te systems synthesised in this chapter, a larger amount of 

coordination complexes could be studied as well as the synthesis of multidentate ligands 

(such as Te–(Acenap–P(iPr)2)2) and their applications in coordination complexes could be 

investigated. 
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Furthermore, other reactions of the [RTe–Acenap–P(iPr)2] systems could be performed as 

well as the investigation of further electronic properties of the cationic systems [Te–Acenap–

P(iPr)2]+. 
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CHAPTER VI: RELATED PHOSPHORUS AND TELLURIUM 
COMPOUNDS 

 

Further reaction pathways and unexpected compounds are presented in this chapter. The 

results were rather unrelated to the former chapters and thus included in this extra 

miscellaneous chapter. 

VI.1 RESULTS AND DISCUSSION 

A A POLYMERIC ORGANOTELLURIUM SYSTEM  

By following the literature preparation of the ditelluride MesTeTeMes[280] we observed an 

unusual by-product from recrystallisation of the final product MesTeTeMes in ethanol. After 

leaving the mother liquor over seven days at RT colourless crystals were formed that were 

identified by X-ray analysis as the polymeric system VI-1 (Scheme 79). 

 

Scheme 79: Formation of a polymeric compound upon leaving MesTeTeMes in EtOH. 

The resulting colourless compound was insoluble in organic solvents as well as in water, 

which precluded further characterisation by NMR spectroscopy. Nevertheless single crystals 

suitable for single crystal X-ray analysis were obtained from the crystallisation from ethanol 

at RT. However, it must be stated that the pathway that led to this compound is unclear. 

Furthermore, the crystal structure data, which is of average quality, is the only confirmation of 

this structure and twining cannot be ruled out entirely. 

 
Figure 159: X-ray crystal structure of a unit of the polymeric compound VI-1. 

Te

Te

EtOH

7 days, RT
Te Te

VI-1
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Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–C1 2.202(12), C1–C2 

1.416(16), C1–C5 1.410(14), C1–C9 1.560(17), C2–C3 1.395(17), C2–C6 1.522(15), C2–C9 1.662(15), C3–C4 

1.405(16), C3–C9 1.529(16), C4–C4 1.923(19), C4–C5 1.586(17), C4–C7 1.48(2), C4–C9 1.311(19), C4–C9 

1.390(17), C5–C5 1.859(17), C5–C8 1.511(16), C5–C9 1.303(17), C5–C9 1.397(18) C9–C9 1.117(16); C1–Te1–

C1 97.1(5), Te1–C1–C2 120.6(8), Te1–C1–C5 119.6(8), Te1–C1–C9 169.8(8). 

The crystal structure shows a Te atom linked by two combined mesityl groups. The 

compound can be viewed as a result of a polymerisation reaction, which led to a reaction of 

two aromatic mesityl systems to one Cn moiety. This moiety is linked by single tellurium 

atoms to give a polymeric system. 

B CRYSTAL STRUCTURE OF FcPCl2 

In the process of the optimisation of the synthesis of FcPCl2 (VI-2) and its purification, the 

crystal structure of FcPCl2 (VI-2) was obtained. After recrystallisation from toluene yellow 

platelets suitable for X-ray crystallography were observed and isolated. The molecular 

structure is depicted in Figure 160. 

 

Figure 160: X-ray structure of FcPCl2 (VI-2). 

Hydrogen atoms omitted for clarity. Two distinct molecules within the unit cell (numbering scheme for the second 

independent molecule in parentheses): Selected bond lengths (Å) and angles (°): Fe1–C1 2.019(5), Fe2–C11 

2.021(5), Fe–C 2.030(5)-2.055(7), P1–C1 1.784(5), P2–C11 1.776(5), P2–Cl1 2.061(3), P2–Cl2 2.094(2), P1–Cl3 

2.0968(18), P1–Cl4 2.051(3); Cl3–P1–Cl4 98.35(9), Cl3–P1–C1 101.20(16), Cl4–P1–C1 100.8(2); Cl1–P2–Cl2 

97.94(9), Cl1–P2–C11 100.0(2), Cl2–P2–C11 101.51(18), Fe1–C1–P1 119.0(3), Fe2–C11–P2 118.2(3). 

The structure of FcPCl2 (VI-2) shows two distinct molecules within the structure. The P–Cl 

bond lengths in the range of 2.051(3)-2.0968(18) Å and the angles at the P atom of ∠(Cl3–

P1–Cl4) = 98.35(9), ∠(C1–P1–Cl4) = 100.8(2)° and ∠(C1–P1–Cl3) = 101.20(16)° had been 

observed before in other PCl2 systems (cf. d(P–Cl) = 2.0556(10)-2.0666(11) Å; ∠(Cl–P–Cl) = 
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98.77(5)° and ∠(C–P–Cl) = 101.28(9)-105.53(9)° in 2,6-

dimesitylphenyldichlorophosphane).[281] 

The packing of FcPCl2 (VI-2) is characterised by Cl⋅⋅⋅HFc interactions, but no further 

intermolecular interactions of the molecules as depicted in Figure 161 were observed. 

 

Figure 161: Packing of FcPCl2 (VI-2) along the axes a, b and c. 

C CRYSTAL STRUCTURE OF (AdP)4 

In numerous reactions using AdPCl2 and tellurium sources the condensation product tetra-

adamantyl-cyclotetraphosphane (AdP)4,[130] (VI-3) was obtained as a by-product. The novel 

crystal structure was gained after recrystallisation from n-hexane at −40 °C. Figure 162 

illustrates the molecular structure of tetra-adamantyl-cyclotetraphosphane (AdP)4. 
 

 

Figure 162: A: X-ray structure of (AdP)4 (VI-3) B: View of the molecule to show the distortion of the P4 ring. 
Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): P1–P2 2.2417(15), P1–P2’ 

2.2423(15), P1–C1 1.875(4), P2–C11 1.870(4); P1–P2–P1’ 85.58(6), P2–P1–P2’ 87.10(6).  

The structure consists of a four-membered non-planar ring system with the adamantyl 

groups and phosphorus atoms lying on opposite sites of the ring system. The AdP groups 

are oriented in a trans-conformation. 
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The P–P bond lengths range from 2.2417(15)-2.2423(15) Å with P–P–P bond angles of 

85.58(6)°-87.10(6)°, which is consistent with that observed for literature reported examples 

(e.g. 2.210(1)-2.213(1) Å; 87.11(5)-87.49° in tetra-tert-butylcyclotetraphosphane).[282] 

D SYNTHESIS AND CHARACTERISATION OF (nBu)2(tBu)PTeCl2  

In the attempt of reacting tBuPCl2 with nBuLi and TeCl2•TMTU[283] the formation of 

(nBu)2(tBu)PTeCl2 (VI-4) was observed. This represents a new synthetic pathway to 

R3PTeCl2 compounds. (nBu)2(tBu)PTeCl2 is also the first representative of these kinds of 

compounds with different R-groups attached (Scheme 80).  

 
Scheme 80: A new synthetic pathway to (R)3PTeCl2. 

In contrast, the prior reported systems Et3PTeX2 (X = Cl, Br, I) were synthesised by reacting 

Et3PTe with halogenation agents such as SO2Cl2 and further reactions of the subsequently 

formed Et3PTeCl2.[78]  

A crystal structure of (nBu)2(tBu)PTeCl2 (VI-4) was obtained after recrystallisation of the 

material from n-hexane at −40 °C. The yellow platelets were characterised by X-ray 

crystallography and the structural representation is illustrated in Figure 163. 

 
Figure 163: X-ray structure of (nBu)2(tBu)PTeCl2 (VI-4). 
Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (o): Te1–Cl 1 2.5475(15), Te1–Cl2 

2.5934(15), Te1–P1 2.4879(16), P1–C1 1.855(5), P1–C5 1.807(5), P1–C9 1.814(6); Cl1–Te1–Cl2 175.40(5), 

Cl1–Te1–P1 89.49(5), Cl2–Te1–P1 86.62(5), Te1–P1–C1 110.63(18), Te1–P1–C5 108.2(2), Te1–P1–C9 

108.76(18), C1–P1–C5 109.4(3), C1–P1–C9 112.6(3), C5–P1–C9 107.0(3). 

tBuPCl2
a) nBuLi, TMEDA, –78 °C, THF

b) TeCl2•TMTU, –78 °C, THF

P Te
Cl

Cl

VI-4
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Compared to the tertiary phosphane tellurium dihalides Et3PTeX2 (X = Cl, Br, I) synthesised 

by Chivers et al. this is the first P–Te system with inequivalent substituents on the 

phosphorus atom.[78] The P–Te distance in VI-6 is with 2.4879(16) Å slightly elongated when 

compared to the related Et3PTeCl2 (cf. 2.466(1) Å), whereas both Te–Cl bond lengths of 

2.5475(15) and 2.5934(15) Å are between that observed for Et3PTeCl2 (cf. 2.528(1)-

2.604(1) Å).[78] The angles at the tellurium atom are Cl1–Te1–Cl2 175.40(5)°, Cl1–Te1–P1 

89.49(5) and Cl2–Te1–P1 86.62(5) and are thus very close to an optimal T-shaped geometry 

(cf. and 171.02(4)°, 90.26(4)° and 81.30(4) for Et3PTeCl2).[78]  

The 31P NMR spectrum of (nBu)2(tBu)PTeCl2 (VI-4) exhibits a singlet at 23.9 ppm with a large 
1J(P,Te) coupling of 1725.9 Hz (cf. 32.9 ppm, 1J(P,Te) = 1390 Hz).[78]  

The supramolecular structure of (nBu)2(tBu)PTeCl2 (VI-4) appears to be slightly different to 

that observed for the Et3PTeX2 (X = Cl, Br, I) systems, whereas dimerisation was 

observed.[78] The packing of VI-4 is illustrated in Figure 164. However, intermolecular Te⋅⋅⋅Cl 

interactions can also be observed (3.465 Å, cf. 3.434(1) Å in Et3PTeCl2),[78] where an angle 

∠(Cl⋅⋅⋅Te–P) of 177.27° and a Te–Cl⋅⋅⋅Te angle of 148.81° can be observed for VI-4. 

 

Figure 164: Packing of (nBu)2(tBu)PTeCl2 (VI-4) illustrated along the a, b and c axis. 
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GENERAL CONCLUSIONS 
The bulk of publications in recent years concerning phosphorus-tellurium and -chalcogen 

systems and their unique properties shows that there is a significant interest in the 

understanding of the chemistry, properties and character of phosphorus-chalcogen 

compounds. The work that was presented in this thesis will undoubtedly contribute to this 

understanding. 

At the start of this work less than 60 crystal structures incorporating a phosphorus-tellurium 

bond were known in the literature.[44] Another 33 crystal structures incorporating a P–Te bond 

or an unusual interaction between these two elements have been presented in this thesis. 

These compounds include the first series of stable structurally characterised binary 

organophosphorus(III)-tellurium heterocycles, the first species incorporating both a PIII- and a 

PV-tellurium bond, the first cyclic phosphorus-tritelluride, the first phosphorus species 

incorporating a Te5 moiety, a phosphorus ditelluride with a P–Te–Te–P torsion angle of 180°, 

the first metal complexes of a neutral monotellurido P2N2-ligand, a very unusual and first 

transition metal complex of the dianion [tBuN(Te)P(µ-NtBu)2P(Te)NtBu]2− and the first 

examples of peri-substituted phosphorus-tellurium systems exhibiting very large through-

space spin-spin coupling and weak three-centre four-electron type interactions (Figure 165). 

The influence of metal coordination and oxidation on these systems was also investigated. 

Additionally, novel phosphorus-tellurium cations that were supported by an acenaphthene 

backbone have also been presented. 

 

Figure 165: Examples of novel phosphorus-tellurium systems synthesised in this thesis. 

Furthermore, a series of P2N2-stabilised tellurium main group metals have been synthesised 

incorporating P–Te–En–Te–P (n = 1,2; E = main group element) fragments, most of which 

have been observed and characterised by X-ray single crystal analysis for the first time. 

The systematic investigation yielded phosphorus-tellurium compounds showing P–Te bond 

distances from 2.3883(13) Å to 2.552(2) Å and 1J(P,Te) values from < 8 Hz to 1939 Hz. The 

shortest P–Te bond distance was observed in a silver(I) complex, where the silver atom is 

coordinated to a terminal tellurium atom attached to a PVPIIIN2 system. This compound 
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exhibits consequently the largest 1J(P,Te) value presented in this work. The bond distance of 

2.552(2) Å was observed for a ditelluride stabilised by two PVPIIIN2 units, whereas the 

smallest 1J(P,Te) was presumably found in (AdP)3Te. 

These results offer the opportunity to extend the investigations regarding the correlation of 

P–Te coupling constants to the P–Te bond lengths. The following table shows this correlation 

for the synthesised compounds. An overview of the presented phosphorus-tellurium species, 

where both X-ray data and 31P/125Te NMR parameters have been obtained, is depicted in 

Table 18. This overview contains the P–Te bond lengths and 1J(P,Te) values in order to 

correlate them to each other. The fact that the compounds could behave differently in solid 

(X-ray structures) and solution state (NMR parameters) needs to be considered in this 

analysis. 

Figure 166 illustrates the correlation of the phosphorus-tellurium bond distances to its 
1J(P,Te) coupling constants of all compounds incorporating P–Te bonds that have been 

synthesised in the framework of this thesis. 

 
Figure 166: Correlation of the P–Te bond lengths to the 1J(P,Te) values, for synthesised compounds with the 

phosphorus oxidation states of +III and +V. 

The correlation was separated into compounds exhibiting a phosphorus oxidation state of PIII 

(blue spots) and PV (red spots), respectively. The linear trendlines indicate that the PV 

systems exhibit a weak correlation of P–Te bond lengths to their 1J(P,Te) values (R2 = 

0.453). In comparison, the PIII species do not show any correlation of these two parameters 

(R2 = 0), but exhibit usually smaller coupling constants when compared to PV derivatives. 
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Table 18: Correlation of P–Te bond lengths and 1J(P,Te) coupling for the compounds synthesised in this thesis. 

No. Formula P–Te bond length 
[Å] 

1J(P,Te) coupling 
[Hz] 

I-1e (Mes*OP)2Te 2.4629(10)-2.4794(9) 397 (PIII) 

I-2d (AdP)3Te  2.502(2)-2.516(2) 8 (PIII) 

I-5g (TrtP)3Te3  2.474(3)-2.517(4) 396 (PIII) 

II-2 [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu]  2.418(2)-2.422(2) 1590 (PV) 

II-4 [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)]  2.5317(10 1029 (PV) 

II-6 [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)]  2.483(3) 1289 (PV) 

II-7 [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSeTe)] 2.499(8) 1025 (PV) 

II-8a [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)]  2.508(3) 

2.512(3) 

420 (PIII) 

1073 (PV) 

II-8b [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(tBu)–Te)]  2.387(6)-2.424(6) 

2.489(3) 

418 (PIII) 

1073 (PV) 

II-17 [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)]  2.508(6) 1103 (PV) 

II-19a [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)]  2.504(2) 1183 (PV) 

II-22 [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-

N,Te-(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}]  

2.487(11)-2.510(11) 

2.429(4) 

1130 (PV) 

1233 (PV) 

II-23 [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-

(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}]  

2.485(4)-2.499(3) 

2.4526(10) 

1113 (PV) 

1251 (PV) 

III-4 [Li(TMEDA)]2[(tBuNP(µ-NtBu)2PNtBu)2(µ-Te2)]  2.4971(18) 

2.3956(18) 

1219 (PV) 

1670 (PV) 

III-5 [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]  2.438(4)-2.445(4) 1198 (PV) 

III-6 [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2  2.552(2) 1549 (PV) 

III-7 [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)]  2.5280(17) 998 (PV) 

IV-9 {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3}  2.3883(13)-

2.4043(17) 

1939 (PV) 

IV-10  [Cp*Rh][{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] 2.503(2)- 

2.497(2) 

1136 (PV) 

1270 (PV) 

V-1 MesTe–Acenap–P(iPr)2  3.205 1332 (PIII) 

V-2 TipTe–Acenap–P(iPr)2  3.094 1367 (PIII) 

V-3 NapTe–Acenap–P(iPr)2  3.108 1349 (PIII) 

V-4 p-AnTe–Acenap–P(iPr)2  3.090 1323 (PIII) 

V-5 PhTe–Acenap–P(iPr)2  3.131 1306 (PIII) 

V-12 [MesTe–Acenap–P(iPr)2][AuBr]  3.548-3.555 292 (PIII) 

V-14 [Te–Acenap–P(iPr)2][Cl]  2.512(3) 830 (PIII) 

V-15 [Te–Acenap–P(iPr)2][Br]  2.4935(8) 908 (PIII) 

V-16 [Te–Acenap–P(iPr)2][I]  2.5107(16) 944 (PIII) 

V-18 [Te–Acenap–P(iPr)2][l3]  2.4622(7) 1041 (PIII) 

VI-4 TeCl2PnBu2tBu 2.4879(16) 1726 (PIII) 
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However, the correlations were related to the known literature compounds, presented in the 

general introduction at the beginning of this thesis (cf. General Introduction, Figure 9) as 

depicted in Figure 167. As discussed before, whithout a separation of the compounds by 

chemically environment and oxidations states a direct correlation is extremly weak. For the 

synthesised compounds in this thesis the combined (PIII and PV systems) R2 factor is only 

0.087 and suggests no correlation at all.  

 

Figure 167: Correlation of the P–Te bond lengths to the 1J(P,Te) values, for synthesised compounds in relation to 

literature known systems. 

In addition to the presented phosphorus-tellurium species a substantial amount of 

phosphorus-selenium and phosphorus-sulfur systems were investigated. Apart from directly 

comparable systems to the phosphorus-tellurium species some novel macrocycles and 

metallocycles were presented (Figure 168).  

 

Figure 168: Examples of intriguing sulfur and selenium systems synthesised in this work. 

These include the trimeric macrocycles [(tBuNP(µ-NtBu)2PtBuN)(µ-E2)]3 (E = S (III-3), Se (III-

1)), the gold(I) derivatives [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) and {[tBu(H)NP(S)(µ-

NtBu)2P(S)NtBu]Au2[tBuN(S)P(µ-NtBu)2P(S)NtBu]}2{µ-Au2} (IV-8) and the silver metallocycle 

{Ag[tBu(H)N(Se)P(µ-NtBu)2P(Se)NtBu]}4 (IV-4) (Figure 168). 
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EXPERIMENTAL PART 
A. MATERIALS AND METHODS 

A.1 NMR SPECTROSCOPY 

NMR spectra were recorded using a JEOL DELTA EX 270 (77Se{1H}, 119Sn{1H}, 125Te{1H}, 

most 31P{1H}), a BRUKER Avance II 400 spectrometer, a BRUKER Avance 500 or a 

BRUKER Avance III 500 spectrometer (1H, 13C, rest 31P{1H}). 1H, 13C, 31P{1H}, 77Se{1H}, 
119Sn{1H}, 195Pt{1H} and 123Te{1H} as well as 125Te{1H} NMR spectra were measured in 

deuterated solvents or using the reaction mixture and capillaries filled with C6D6 at 25 °C. 

TMS was used as an internal standard for 1H and 13C NMR. 85 % H3PO4 was used as an 

external standard for 31P{1H} NMR spectra, Ph2Te2 for 123Te{1H} and 125Te{1H} NMR spectra, 

Me2Se for 77Se{1H} NMR spectra as well as Me4Sn for 119Sn{1H} NMR spectra and Na2PtCl6 

for 195Pt{1H} NMR spectra. All 77Se{1H}, 119Sn{1H}, 123Te{1H}, 125Te{1H}, 195Pt{1H} and 31P{1H} 

NMR spectra are reported as 77Se, 119Sn, 123Te, 125Te, 195Pt and 31P NMR spectra in the 

experimental part. No decoupled spectra were reported if not stated otherwise. Chemical 

shifts (δ) are given in parts per million (ppm) relative to the solvent peaks.[284] Coupling 

constants (J) are given in Hertz (Hz).  

31P solid-state NMR were performed using a Bruker AMX 300, a 400 MHz Bruker Avance III 

or a Bruker Avance III 600 MHz spectrometer operating at magnetic field strength of 7.05 T, 

9.4 T and 14.1 T, corresponding to Larmor frequencies of 121.5, 161.9 and 242.9 MHz, 

respectively. Experiments were carried out using Bruker 4 mm (outside diameter) zirconia 

rotors or other conventional 4- and 1.9 MAS probes, with MAS rates between 10 and 40 kHz. 

The pulse sequence used was either cross-polarisation magic-angle spinning (CP-MAS) or 

normal magic-angle spinning. Chemical shifts are referenced to 85 % H3PO4 at 0 ppm using 

the isotropic resonance of solid BPO4 at −29.6 ppm and solid NH4H2PO4 at 0.8 ppm as a 

secondary reference. 31P spectra were acquired using a π/2 pulse lengths of 2.1 µs (14.1 T) 

and 3.1 µs (9.4 T), with between 40 and 80 transients separated recycle intervals of between 

10 and 60 s, depending on the individual samples. For all spectra, the positions of isotropic 

resonances within the spinning sideband patterns were unambiguously determined by 

recording a second spectrum at a higher MAS rate. 

125Te solid-state NMR were performed using Bruker Avance III spectrometers operating at 

magnetic field strength of 9.4 T, corresponding to a Larmor frequency of 126.2 (125Te) MHz. 

Experiments were carried out using conventional 4 MAS probes, with a MAS rate of 

10.5 kHz. Chemical shifts are referenced relative to (CH3)2Te at 0 ppm using the isotropic 

resonance of solid Te(OH)6 (site 1) at 692.2 ppm as a secondary reference. Transverse 

magnetisation was obtained by cross-polarisation (CP) from 1H using optimised contact pulse 



EXPERIMENTAL PART 

 230 

duration of 8 ms, and two-pulse phase modulation (TPPM) 1H decoupling during acquisition. 

Spectra were acquired with 8192 transients separated recycle intervals of 3 s. The positions 

of isotropic resonances within the spinning sideband patterns were unambiguously 

determined by recording a second spectrum at a different MAS rate. Experimental 125Te 

NMR parameters were determined by line shape analysis using Bruker Topspin software.  

A.2 MASS SPECTROMETRY 

Mass spectrometry was performed on a MICROMASS LCT (ESI) and MICROMAS GCT (EI, 

CI) device by the University of St Andrews Mass Spectrometry Service. Air sensitive 

compounds were run on a Finnigan MAT 95 XP, an Agilent 5975C Inert XL GC/MSD or a 

Thermofisher LTQ Orbitrap XL at the EPSRC UK National MS Facility in Swansea. The 

MALDI TOF mass spectra were obtained on a Bruker Autoflex II MALDI-Tof/Tof with 

Smartbeam laser system using trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-

propylidene]malonitrile as the matrix and Ag[OOCCF3] as the marker. 

A.3 INFRA-RED AND RAMAN SPECTROSCOPY 

Infra-red spectra were recorded as KBr discs in the range of 4000-300 cm−1 on a Perkin-

Elmer System 2000 NIR Fourier transform spectrometer or a Nicolet Nexus 470 with CsI 

optics, FT-IR and ATR accessory. Raman spectra were recorded from solid samples either 

at −100 °C by using a BRUKER RFS 100 FTRaman spectrometer with a quartz beam 

splitter, liquid-nitrogen, cooled Ge detector and Nd:YAG laser (power 25-100 mW; 500-1000 

scans; spectral resolution ±2 to ±8 cm−1; Blackmann-Harris four-term apodisation; scattering 

geometry 180 °) or a Perkin-Elmer System 2000 NIR Fourier transform spectrometer with a 

dipole pumped Nd: YAG laser ranging between 30 to 700 mW power scanning between 

3500 and 150 cm−1. 

A.4 ELEMENTAL ANALYSIS AND MELTING POINTS 

Elemental analysis was performed on a CARBO ERBA CHNS analyser or at the Elemental 

Analysis Service of the London Metropolitan University (by Mr. S. Boyer). The determined 

values are given in percent (%). Melting or decomposition points were determined by sealing 

the sample in capillaries and heating using a Stuart SMP 30 melting point apparatus, a Büchi 

Melting point B-540 or a Laboratory Devices Inc. MEL-TEMP, Model 1001. 

A.5 X-RAY CRYSTALLOGRAPHY 

The crystallographic data was collected using a Rigaku SCXmini (Mercury 2CCD) at 

−148(1) °C or a Rigaku Mo MM007 (dual port) high brilliance generator with Saturn 70 and 

Mercury CCD detectors, rotating anode/confocal optics and two XStream LT accessories at 

−180(1) °C or a Bruker-Nonius Kappa CCD diffractometer. All data were collected with Mo-
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Kα radiation (λ = 0.71073 Å) and corrected for Lorentz and polarisation effects. The data for 

all of the compounds were collected and processed using CrystalClear (Rigaku).[285] 

The crystal structures were solved using direct methods[286] or heavy-atom Patterson 

methods287 and expanded using Fourier techniques.[288] The non-hydrogen atoms were 

refined anisotropically, hydrogen atoms were refined using the risding model. All calculations 

were performed using CrystalStructure[289] crystallographic software package and SHELXL-

97.[290] 

A.6 COMPUTATIONAL METHODS 

A COMPUTATIONS ON P2N2 SYSTEMS40 
Se, S trimers III-1 and III-3: DFT calculations were performed using the ADF[291] package. 

Molecular geometries were fully optimised but vibrational calculations were not performed 

given the large expense of the numerical method with the hybrid potentials. 

Te–Te compound III-4: Dispersion-corrected (Grimme’s D3)[292] relativistic (ZORA)[293] GGA 

(PBE)[294] DFT calculations were performed using the ADF[291] package. Molecular 

geometries were fully optimised, but vibrational calculations were not performed given the 

computational expense of the numerical method.  

B COMPUTATIONS OF ACENAPHTHENE SYSTEMS41 

Starting from the coordinates from X-ray crystallography, geometries were fully optimised in 

the gas phase at the B3PW91 level[295] using the Stuttgart-Dresden (SDD) effective core 

potentials along with the associated valence basis sets for Te[296] (double zeta augmented 

with a set d-polarisation functions with exponents 0.237),[297] Pt and Au.[298] Curtis and 

Binning's 962+(d) basis[299] on Se and Br, and 6-311+G(d) basis elsewhere. All structures 

were confirmed as minima through computation of the harmonic vibrational frequencies, and 

Wiberg bond indices (WBIs)[277] were obtained in a natural bond orbital analysis300 at the 

same level. Similar levels have been useful for interpreting experimental findings for peri-

naphthalene telluride derivatives.[267, 276, 301] A fine integration grid (75 radial shells with 302 

angular points per shell) was used throughout. These computations were performed using 

the Gaussian 09 program.[302] 

NMR chemical shifts and indirect spin-spin coupling constants (SSCCs) were computed[303] 

at the BP86[304] level for the B3PW91 minima with the relativistic zeroth-order regular 

approximation including spin-orbit coupling (ZORA-SO),[293] together with a TZ2P basis of 

Slater-type orbitals and a fine integration grid (Integration 6). These calculations were 

                                                 
40 As performed by Prof I. Vargas-Baca, McMaster University, Hamilton, Ontario, Canada. 
41 As computed by Prof M. Bühl, University of St Andrews, St Andrews, UK. 
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performed with the ADF program.[305, 306] 125Te, 31P, 77Se and 191Pt chemical shifts are 

reported relative to Me2Te (δ = 3187.0 ppm), PPh3 (δ = 309.6 ppm), Me2Se (δ = 1783.9 ppm) 

and cis-PtCl2(NH3)2 (δ = 3474.7 ppm), respectively (in parentheses: absolute shielding 

constants computed at the same level). 

A.7 GENERAL SYNTHETIC CONSIDERATIONS 

All synthetic manipulations were performed under an atmosphere of dry argon using 

standard Schlenk-line techniques and/or a Safron glovebox running with argon unless 

otherwise stated. All glass apparatus were stored in a drying oven (120 °C) and flame dried 

in vacuo (10−3 mbar) before use. Dry solvents were collected from an MBraun solvent system 

under a nitrogen atmosphere and stored in Schlenk flasks over 4 Å molecular sieves or were 

dried and purified using common procedures.[307] All chemicals were purchased from Sigma 

Aldrich, ABCR, Acros Organics and Strem Chemicals Inc. or were taken from inventory of 

the laboratories and used without further purification as long as not otherwise stated. The 

products were stored in a glove box under argon atmosphere or argon fluted Schlenk- or J. 

Young tubes or flasks. The cooling bath temperature of −78 °C was gained by using an 

acetone/dry ice bath, the temperature of −40 °C by using an acetonitrile/dry ice bath. 

The yields of unisolated products (usually due to decomposition upon attempted isolation) 

were calculated by normalisation and comparison of the integrals in the 31P NMR spectra. 

For many of these compounds Raman, IR, X-ray, 1H NMR and other NMR spectroscopic 

data, as well as reliable elemental analyses, could not be acquired due to their high 

sensitivity. 
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B. EXPERIMENTAL PROCEDURES – STARTING MATERIALS 

B.1 SYNTHESIS OF AdPCl2 

 
Improved synthesis based on the literature procedure developed by Koenig et al.[308]  

Step 1: AdBr (21.6 g, 100 mmol) and AlCl3 (20.0 g, 100 mmol) were placed in a 500 mL 

Schlenk flask. 200 mL of PCl3 was added via syringe and the reaction mixture was refluxed 

for about 24 h at about 90 °C. After the mixture was left to cool to RT, 100 mL of hexane was 

added and the suspension was stirred for 1 h to completely dissolve unreacted AdBr. The 

grey suspension was then filtered off and washed twice with 50 mL n-hexane. The solid 

material was dried in vacuo to yield a mixture of AdPCl3+AlCl4− and AdPCl2Br+AlCl4− (43.5 g). 

The grey material can be used without further purification. 

Step 2: 21.9 g of the mixture of AdPCl3+AlCl4− and AdPCl2Br+AlCl4− and triphenylphosphane 

(38.7 g, 147.5 mmol, ~3 eq) were placed in a 250 mL Schlenk flask and stirred under 

dynamic vacuum at 80 °C for 2 h, resulting in an orange-red coloured slurry. Afterwards 

AdPCl2 was distilled off under vacuum (5 x 10−3 mbar, bp.: 75 °C) to give a white solid, which 

might have to be purified in a second distillation because of sublimed PPh3. Afterwards 

AdPCl2 can be isolated in a yield of 3.2 g (6.4 g overall yield = 27 %, calculated on AdBr). 

 31P NMR (109.37 MHz, CDCl3): δ [ppm] = 192.1 (s). 

B.2 SYNTHESIS OF FcPCl2 

 
Synthesis similar to unpublished procedure.[309] 

Step 1: To a stirred suspension of Fc2P2S4 (6.00 g, 10.7 mmol) in diethyl ether (150 mL) 

cooled to 0 °C, a stirred suspension of LiALH4 (1.83 g, 43.0 mmol) in diethyl ether (30 mL), 

was added slowly via cannula. The mixture was allowed to warm to RT and was then filtered. 

Afterwards, the orange solution was cooled to 0 °C, neutralised with water (5 mL) and 

allowed to warm to RT. The organic phase was separated and the mixture extracted with 

diethyl ether (3 x 30 ml). The combined organic fractions were dried over anhydrous MgSO4 

and the volatiles removed in vacuo to give ferrocenyl phosphane. (3.67 g, 16.8 mmol, 79 %). 

PCl2

= FcPCl2

Fe
PCl2
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31P NMR (109.37 MHz, CDCl3): δ [ppm] = −143.6 (s). 

Step 2: To a stirred solution of FcPH2 (3 g, 13.8 mmol) in DCM (100 ml) cooled to −10 °C, a 

solution of phosgene (2.86 g, 15.2 ml of a 1.9 M solution in toluene, 28.9 mmol) was added 

via syringe with stirring. The mixture was allowed to warm to RT and stirred overnight. The 

volatiles were removed in vacuo to give dichloroferrocenyl phosphane, which was purified by 

distillation (3.93 g, 13.7 mmol, 99 %). 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = 166.3 (s). 

B.3 SYNTHESIS OF Na2Te and Na2Te2:  

Procedure similar to literature.[310] Under an argon atmosphere approximately 200 mL of 

ammonia from a storage cylinder was distilled into a 500 mL 3-necked Schlenk flask 

equipped with a dry ice condenser and cooled by a dry ice/ acetone bath. Sodium (3.00 g, 

0.13 mol, 1 eq.) was added slowly under vigorous stirring. The mixture was allowed to warm 

up slightly to form a blue solution that was stirred for 2 h until all sodium was dissolved. 

At −78 °C tellurium powder (for Na2Te prep.: 8.33 g, 0.07 mol, 0.5 eq.; for the Na2Te2 prep: 

16.65 g, 0.13 mol, 1 eq.) was added slowly. The dry ice/ acetone bath was removed and the 

ammonia was refluxed at −33 °C for 5 h. The ammonia was left overnight to evaporate and 

the resulting solid (Na2Te: grey/white; Na2Te2: purple-black) dried in vacuo. (Yield Na2Te: 

95 %, Na2Te2: 96 %). The purity can be determined by test reactions, which showed that only 

traces of Na, Na2Te or Na2Te2 were present. 

B.4 SYNTHESIS OF BIS(TRIMETHYLSILYL)TELLURIDE (SiMe3)2Te 

Procedure similar to literature.[311] Under an argon atmosphere sodium telluride (3.00 g, 

17.3 mmol, 1 eq) was suspended in 5 mL dry THF. At −78 °C trimethylchlorosilane (4.38 mL, 

3.76 g, 34.6 mmol, 2 eq) was added slowly by syringe. The solution was allowed to warm 

slowly up to RT and was then stirred overnight. The THF was removed and 10 mL n-hexane 

was added. The sodium chloride as well as decomposed tellurium was filtered off and the n-

hexane slowly and carefully removed from the filtrate. The resulting orange oil was distilled 

under reduced pressure to yield an orange, air sensitive oil (yield: 43 %). 

1H NMR (400.13 MHz, CDCl3): δ [ppm] = 0.60 (s, 9H, CH3) 
13C NMR (100.62 MHz, CDCl3): δ [ppm] = 5.7 (s, CH3). 
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C EXPERIMENTAL PROCEDURES – CHAPTER I 

 GENERAL REACTION OF DICHLOROPHOSPHANES WITH TELLURIUM SOURCES 

 
The dichlorophosphane was dissolved in THF in a Schlenk flask equipped with a rubber 

septum and a stirring bar. A tellurium source (Na2Te, Na2Te2 or (Me3Si)2Te 1 eq.) was 

transferred to an amberised42 Schlenk flask equipped with a rubber septum and a stirring 

bar. Both mixtures were cooled to −78 °C using an acetone/dry ice bath and the 

dichlorophosphane tetrahydrofuran solution was slowly transferred to the tellurium source 

containing flask using a cannula (a 31P NMR was recorded after 3-4 h). The reaction mixture 

was slowly warmed to room temperature overnight stirring vigorously. After 20 h the reaction 

mixture was filtered through a Schlenk frit, pore four (a second 31P NMR was recorded) and 

stored at −40 °C under argon for crystallisation. 

C.1 REINVESTIGATION OF tBuPCl2 WITH DIFFERENT TELLURIUM SOURCES 

C.1.1 tBuPCl2 + Na2Te 
In a 50 mL Schlenk flask Na2Te (546 mg, 3.2 mmol) was suspended in dry THF (10 mL) and 

the suspension cooled to −78 °C using an acetone/dry ice bath. A solution of tBuPCl2 

(500 mg, 3.2 mmol) in dry THF (10 mL), also maintained at −78 °C, was added dropwise by 

cannula with stirring within 5 min. The reaction mixture was stirred for 2 h (NMR sample 1 

was taken after one hour), allowed to warm up to RT and stirring was continued for 20 h at 

that temperature (NMR sample 2 was taken).  

31P NMR (109.37 MHz, C6D6-capillary) sample 1: The 31P NMR spectrum of the solution 

showed the presence of 2,3-di-tert-butyl-1-tellura-2,3-diphosphirane (I-1a), 2,3,4-tri-tert-butyl-

1-tellura-2,3,4-triphosphetane (I-2a) and 2,4,6-tri-tert-butyl-1,3,6-tritellura-2,3,4-

triphosphorinane and other unidentified products as well as unreacted tBuPCl2. 

31P NMR (109.37 MHz, C6D6-capillary) sample 2: The 31P NMR spectrum of the solution 

after 24 h showed the presence of 2,3-di-tert-butyl-1-tellura-2,3-diphosphirane (I-1a), 2,3,4,5-

tetra-tert-butyl-1-tellura-2,3,4,5-tetraphospholane (I-3a), tetrakis-(tert-butyl)-

cyclotetraphosphane (I-7a) and other unidentified products. I-1a decomposes upon refluxing. 

 

                                                 
42 If no amberised flasks were used, the flask was packed in aluminium foil to exclude light from the reaction mixture. 
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C.1.2  tBuPCl2 + Na2Te2 
In a 50 mL Schlenk flask Na2Te2 (947 mg, 3.2 mmol) was suspended in dry THF (10 mL) and 

the suspension cooled to −78 °C using an acetone/dry ice bath. A solution of tBuPCl2 

(500 mg, 3.2 mmol) in dry THF (10 mL), also maintained at −78 °C, was added dropwise by 

cannula with stirring within 5 min. The reaction mixture was stirred for 2 h, allowed to warm 

up to RT and stirring was continued for 20 h at that temperature (NMR sample was taken).  

31P NMR (109.37 MHz, C6D6-capillary) sample 1: The 31P NMR spectrum of the solution 

showed the presence of 2,3-di-tert-butyl-1-tellura-2,3-diphosphirane (I-1a) , 2,3,5-tri-tert-

butyl-1,4-di-tellura-2,3,5-triphospholane (I-4a), tetrakis-(tert-butyl)-cyclotetraphosphane (I-7a) 

and other unidentified products. 

C.1.3  tBuPCl2 + (Me3Si)2Te 
In a 50 mL Schlenk flask (Me3Si)2Te (862 mg, 3.2 mmol) was dissolved in dry THF (10 mL). 

The solution was cooled down to −78 °C using an acetone/dry ice bath. A solution of tBuPCl2 

(500 mg, 3.2 mmol) in dry THF (10 mL), also maintained at −78 °C, was added dropwise by 

cannula with stirring in 5 min. The reaction mixture was stirred for 2 h, allowed to warm up to 

RT and stirring was continued for 20 h at that temperature (NMR sample was taken).  

31P NMR (109.37 MHz, C6D6-capillary) sample 1: The 31P NMR spectrum of the solution 

showed the presence of 2,3-di-tert-butyl-1-tellura-2,3-diphosphirane (I-1a) , 2,3,4,5-tetra-tert-

butyl-1-tellura-2,3,4,5-tetraphospholane (I-3a), 2,4,5-tri-tert-butyl-1,3-ditellura-2,4,5-

triphospholane (I-4a), tetrakis-(tert-butyl)-cyclotetraphosphane (I-7a) and other unidentified 

products. 

C.2 SYNTHESIS OF (PhP)4Te (I-3b) 

 
In a 25 mL Schlenk flask (Me3Si)2Te (765 mg, 2.8 mmol) was dissolved in toluene (10 mL) 

and the suspension cooled to −78 °C using an acetone/dry ice bath. A solution of PhPCl2 

(500 mg, 2.8 mmol) in toluene (10 mL), also maintained at −78 °C, was added dropwise by 

cannula with stirring in 5 min. The reaction mixture was stirred for 1 h, allowed to warm up to 

RT and afterwards heated to 80 °C for 4 h.  

The 31P NMR spectrum of the solution showed the presence of 2,3,4,5-tetra-phenyl-1-tellura-

2,3,4,5-tetraphospholane (I-3b), tris-(phenyl)-cyclotriphosphane, tetrakis-(phenyl)-

P

P P

P
TePh Ph

PhPh
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cyclotetraphosphane, pentakis-(phenyl)-cyclopentaphosphane, hexakis-(phenyl)-

cyclohexaphosphane and other unidentified products. 

(PhP)4Te (I-3b): 
31P NMR (109.37 MHz, D2O-capillary): δ [ppm] = 97.7 (m, 1J(P1,P2) = −326.4 Hz; 
2J(P1,P2’/P1’,P2) = 30.1 Hz, 2J(P1,P1’) = 12.0 Hz), 65.4 (m, 1J(P1,P2) = −326.4 Hz; 1J(P2,P2’) = 

−335.0 Hz, 2J(P1,P2’/P1’,P2) = 30.1 Hz). 

C.3 SYNTHESIS OF (FcP)4Te (I-3c) 

 
In a 100 mL Schlenk flask Na2Te2

 (525 mg, 1.7 mmol) was suspended in dry THF (10 mL). 

The suspension was cooled down to −78 °C. A solution of FcPCl2 (500 mg, 1.7 mmol) in dry 

THF (10 mL), also maintained at −78 °C, was added dropwise (5 min) by cannula with 

stirring. Stirring was continued for 3 h at that temperature and then at 20 °C for another 20 h. 

The reaction mixture was centrifuged and the clear yellow solution was decanted and stored 

for 3 days at −20 °C under an argon atmosphere until a green precipitate was formed. The 

solid product was removed by filtration and washed with THF. The residue was heated in 

boiling toluene for 2 h, and the solution was filtered hot (to remove (FcP)5) and stored at 

−20 °C overnight to yield 2,3,4,5-tetra-ferrocenyl-1-tellura-2,3,4,5-tetraphospholane (I-3c) as 

red crystals (yield: 9 %).  

M.p. > 200 °C 

 31P NMR (202.47 MHz, [D8]THF): δ [ppm] = 84.5 (m, 1J(P1,P2) = −305.1 Hz; 2J(P1,P2’/P1’,P2) 

= 31.0 Hz, 2J(P1,P1’) = 12.0 Hz), 69.6 (m, 1J(P1,P2) = −305.1 Hz; 1J(P2,P2’) = −339.0 Hz, 
2J(P1,P2’/P1’,P2) = 31.0 Hz). 
125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = no sharp signals due to low solubility. 

MS [CI+, m/z], 992.9 [M++H] (calculated: 992.8 [M++H]); HR-MS [APCI(ASAP, m/z], 994.8303 

[M++H] (calculated: 994.8304 [M++H]). 

EA calcd (%) for C40H36P4TeFe4: C 48.45, H 3.66, found: C 48.35, H 3.73.  

P
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C.4 SYNTHESIS OF (AdP)2Te (I-1d), (AdP)3Te (I-2d) and (AdP)3Te2 (I-4d) 

 

Procedure as for (FcP)4Te (I-3c) using AdPCl2 (500 mg, 2.1 mmol) and Na2Te2 (633 mg, 

2.1 mmol). The 31P NMR spectrum taken from the cold reaction mixture showed the 

presence of (AdP)3Te2 (I-4d), which decomposed overtime. After the clear red solution had 

been decanted it was concentrated and stored at −40 °C. After 14 days crystals of (AdP)3Te 

(I-2d) appeared, which were filtered off and dried under vacuum (yield: < 5 %). The solvent 

was removed from the filtrate and the solid material washed with cold pentane to give 

(AdP)2Te (I-1d) (yield: 36 %). 

Data for (AdP)3Te2 (I-4d): 
31P NMR (161.98 MHz, [D8]THF): δ [ppm] = 141.7 (2J(P,P) = 48.0 Hz; 2J(P,P) = 6.0 Hz), 87.5 

(1J(P,P) = 345.0 Hz; 2J(P,P) = 6.0 Hz), 86.2 (1J(P,P) = 345.0 Hz; 2J(P,P) = 48.0 Hz). 

Data for (AdP)3Te (I-2d):  
31P NMR (161.98 MHz, [D8]THF): δ [ppm] = −66.6 (1J(P,P) = 166.7 Hz), −26.3 (1J(P,P) = 

166.7 Hz). 
125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = −461.1 (1J(P,Te) = 8.0 Hz, 2J(P,Te) = 80.0 Hz). 

MS (EI+, m/z), 628.2 [M+] (calculated: 628.2 [M]+); HR-MS (EI+, m/z) 620.1752 [M+], 

(calculated: 620.1759 [M+] = C30H45P3
122Te1). 

Data for (AdP)2Te (I-1d):  
M.p. > 114 °C (dec). 

31P NMR (161.98 MHz, [D8]THF): δ [ppm] = −79.8 (s, 1J(P,Te) = 220.6 Hz). 
125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = −818.3 (s, 1J(P,Te) = 218.4 Hz). 

MS (EI+, m/z), 462.0 [M]+ (calculated: 462.1 [M+]). 
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C.5 SYNTHESIS OF (Mes*OP)2Te (I-1e) 

 

Procedure as for (FcP)4Te (I-3c) using Mes*OPCl2[312] (500 mg, 1.4 mmol) and Na2Te2 

(415 mg, 1.4 mmol). After the 20 h of stirring at RT the THF was removed and 25 mL of 

hexane added. The suspension was stirred for 30 min, filtered and the filtrate concentrated to 

about 8 mL. The yellow solution was stored at −40 °C, to afford yellow crystals after three 

days. The crystals were filtered off and dried under vacuum, the filtrate again concentrated 

and left at −40 °C for a second batch of crystals. The yellow material was dried under 

vacuum for 3 h resulting in an overall yield of 37 %. 

M.p. > 126 °C (dec). 

1H NMR (500.13 MHz, [D8]THF): δ [ppm] = 7.31 (s, 2H), 1.50 (s, 18H), 1.33 (s, 9H). 
31P NMR (202.47 MHz, [D8]THF): δ [ppm] = 78.5 (s, 1J(P,125Te) = 396.9 Hz, 1J(P,123Te) = 

332.1 Hz). 
125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = 7.7 (t, 1J(P,125Te) = 394.6 Hz). 

MS (EI+, m/z): 453.0 [M+−OMes*] (calculated: 453.1 [M+−OMes*]); 601.1 [M+−2tBu+H] 

(calculated: 601.2 [M+−2tBu+H]); 262.2 [OMes*++H] (calculated: 262.2 [OMes*++H]). 

EA calcd (%) for C36H58O2P2Te: C 60.69, H 8.21, found: C 60.72, H 8.13.  

C.6 SYNTHESIS OF (Mes*P)3Te3 (I-5f)  

 

Procedure as for (FcP)4Te (I-3c) using Mes*PCl2[313] (500 mg, 1.4 mmol) and Na2Te2 

(434 mg, 1.4 mmol). After the clear yellow solution had been decanted the solvent was 

removed. The mixture was dissolved in hexane and filtered, followed by a removal of the 

hexane. The analysed mixture mainly contains Mes*P=PMes* (55 %) and (Mes*P)3Te3 (I-5f) 
(40 %). A recrystallisation from n-hexane afforded orange crystals of Mes*P=PMes*, the main 

decomposition product of (Mes*P)3Te3 (I-5f). 

Data for (Mes*P)3Te3 (I-5f): 

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 57.7 (s, 1J(P,125Te) = −441.7, 2J(P,P) = 

325.0 Hz). 
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125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = 774.2 (m, 1J(P,125Te) = 442.0 Hz). 

MS (EI+, m/z): only fragments observed: 277.1 [PMes*++H] (calculated: 277.2 [PMes*++H]). 

C.7 SYNTHESIS OF (TrtP)3Te3 (I-5g) and (TrtP)3Te (I-2g):  

 

Procedure as for (FcP)4Te (I-3c) using TrtPCl2[314] (500 mg, 1.5 mmol) and Na2Te2 (436 mg, 

1.5 mmol). After the clear red solution had been decanted the solvent was removed. 

Recrystallisation from THF at −40 °C afforded orange crystals of (TrtPTe)3 in an overall yield 

of 8 %. 

Data for (TrtP)3Te3 (I-5g): 

 31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 117.9 (s, 1J(P,125Te) = −398.7 Hz, 2J(P,P) = 

257.1 Hz). 
125Te NMR (85.24 MHz, [D8]THF): δ [ppm] = 598.9 (m, 1J(P,125Te) = 396.3 Hz). 

MS (EI+, m/z): only fragments observed: 243.1 [Trt+] (calculated: 243.1 [Trt+]), Ten (n = 2, 3, 

4, 5, 6). 

EA calcd (%) for C73H77O4P3Te3 ((TrtP)3Te3 (I-5g) + 4 THF): C 58.69, H 5.19, found: C 58.51, 

H 4.98.  

Data for (TrtP)3Te (I-2g):  

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 131.8 (d, 1J(P,125Te) = 72.2 Hz, 1J(P,P) = 189.2 

Hz, 2J(P,P) = 3.3 Hz), 82.1 (t, 1J(P,P) = 187.0 Hz) 
125Te NMR (85.24 MHz, [D8]THF): due to the low yield of (TrtP)3Te (I-2g) no clear 125Te 

resonance was observed 

MS (EI+, m/z): see (TrtP)3Te3 (I-5g). 
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D EXPERIMENTAL PROCEDURES – CHAPTER II 

D.1 SYNTHESIS OF nBuNa 

Synthesis similar to literature procedure.[315] 6.18 g sodium tert-butoxide (64.3 mmol) was 

dissolved in 20 ml of dry n-hexane. 33.48 ml of 2.5 M n-butyllithium (83.7 mmol) in n-hexane 

was added by syringe at 0 °C in about 15 min under vigorous stirring. The reaction mixture 

was stirred for 15 min at 0 °C and another 1 h at 40 °C. The precipitate was extracted by 

filtration, washed with n-hexane (2 x 30 mL) and dried in vacuo. The compound was stored 

under argon in the glovebox. Yield: 90 %. 

D.2 SYNTHESIS OF [Na]4[tBuNP(µ-NtBu)2PNtBu)]2 (II-1) 

 
1.00 g (2.9 mmol) of cis-[(tBuNP)2(tBuNH)2][141], was dissolved in 15 mL of toluene in a 

100 mL three-neck flask equipped with a magnetic stirring bar. Via a solid dropping funnel 

0.58 g of nBuNa (7.2 mmol, 2.5 eq.) was added slowly to the cooled (0 °C) reaction vessel. 

After the reaction mixture had reached room temperature it was allowed to stir for an 

additional 1 h, and another 30 min at 40 °C. The toluene was removed, the remaining solid 

dissolved in 20 mL of n-hexane and filtered to remove unreacted nBuNa. The n-hexane was 

removed and the colourless solid dried in vacuo and stored in the glovebox under argon 

(Yield: 89 %). 

1H NMR (400.13 MHz, [D8]toluene): δ [ppm] = 1.36 (s, 18H, tBu), 1.27 (s, 18H, tBu). 
31P NMR (162.01 MHz, [D8]toluene): δ [ppm] = 136.5 (s). 

D.3 SYNTHESIS OF [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu] (II-2, P-2) 

 
[Na]4[tBuNP(µ-NtBu)2PNtBu)]2 (II-1) (500 mg, 0.64 mmol, 1 eq) was suspended in toluene. 

TMEDA (0.39 mL, 305 mg, 2.62 mmol, 4.1 eq) and tellurium powder (327 mg, 2.56 mmol, 

4 eq) were added under an argon atmosphere. The reaction mixture was then stirred for 3 h 

at 80 °C, resulting in a dark red reaction mixture. After cooling to room temperature the 
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mixture was filtered and the solvent was removed under vacuum. The yellow material was 

washed with n-hexane and dried in vacuo (yield: 67 %). 

1H NMR (270.17 MHz, , [D8]toluene): δ [ppm] = 2.04 (s, 24H, NMe3), 2.01 (s, 18H, tBu), 1.85 

(s, 8H, CH2), 1.69 (s, 18H, tBu). 
13C NMR (67.93 MHz, [D8]toluene): δ [ppm] = 58.3 (s, 4C, CH2), 57.6 (s, 2C, q-tBu), 54.9 (s, 

2C, q-tBu), 47.4 (s, 8C, CH3), 35.6 (t, 6C, tBu, 2J(C,P) = 5.7 Hz), 33.5 (t, 6C, tBu, 2J(C,P) = 

4.1 Hz). 

31P NMR (162.01 MHz, [D8]toluene): δ [ppm] = −74.9 (s, 1J(P,Te) = 1589.9 Hz, 2J(P,P) = 

29.6 Hz). 
125Te NMR (126.43 MHz, [D8]toluene): δ [ppm] = −148.7 (d, 1J(P,Te) = 1583.1 Hz). 

D.4 SYNTHESIS OF [Na(TMEDA)]2[tBuN(Se)P(µ-NtBu)2P(Te)NtBu)] (II-3) 

 
[Na]4[tBuNP(µ-NtBu)2PNtBu)]2 (II-1) (500 mg, 0.64 mmol, 1 eq) was suspended in toluene. 

TMEDA (0.39 mL, 305 mg, 2.62 mmol, 4.1 eq) and tellurium powder (163 mg, 1.28 mmol, 

2 eq) were added. The reaction mixture was then stirred for 3 h at 80 °C, resulting in a dark 

red reaction mixture. After cooling to room temperature of selenium powder (101 mg, 

1.28 mmol, 2 eq) was added and the mixture stirred for an additional 30 min. Afterwards the 

mixture was filtered to remove unreacted or released tellurium and selenium powder. The 

solvent was removed in vacuo and the material dissolved in n-hexane (30 mL). After cooling 

it to −40 °C overnight, the filtrate was filtered off and the solid dried under vacuum. 

The product appears as a major product together with [Na(TMEDA)]2[tBuN(Se)P(µ-

NtBu)2P(Se)NtBu)] (P-3) and [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (II-2) in a ratio 

59 % to 24 % to 17 %. Separation was not possible due to the very similar solubility 

behaviour. The compounds are all soluble in n-hexane – but the hydrogen abstraction 

product [tBu(H)NP(µ-NtBu)2PN(H)tBu)]2 shows a higher solubility, so that it can be washed 

out with n-hexane. 

Data for [Na(TMEDA)]2[tBuN(Se)P(µ-NtBu)2P(Te)NtBu)] (II-3): 
31P NMR (162.01 MHz, [D8]toluene): δ [ppm] = 2.8 (d, 1J(P,Te) = 1580 Hz, 2J(P,P) = 15 Hz), 

−70.9 (d, 1J(P,Se) = 681 Hz, 2J(P,P) = 14 Hz). 
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77Se NMR (76.32 MHz, [D8]THF): δ [ppm] = −16.3 (d, 1J(P,Se) = 681 Hz). 

125Te NMR (126.43 MHz, [D8]toluene): δ [ppm] = −155.4 (d, 1J(P,Te) = 1577 Hz). 

METATHETICAL REACTIONS 

Besides the newly synthesised [Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-2), the 

lithium derivative [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) was used as an 

essential starting material in this section. The compound was synthesised according to the 

literature procedure and scaled up accordingly.[48]  

D.5 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) 

 
[Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-2) (500 mg, 0.57 mmol, 1 eq) was 

suspended in toluene and cooled to −78 °C. TeCl2•TMTU[283] (189 mg, 0.57 mmol, 1 eq) 

dissolved in toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by 

cannula. The solution was stirred at that temperature for 3 h and then warmed to room 

temperature. The reaction mixture was stirred for an additional 2 h. The precipitate (NaCl) 

was filtered off and the solvent removed under vacuum. The obtained solid was solved in 

pentane and maintained at −40 °C over two days. The black crystals were filtered off and 

dried under vacuum (Yield: 195 mg, 41 %). 

M.p. 156 °C (dec.). 

Raman ν [cm–1] = 183.3 (w) – the only signal, second measurement led usually to 

decomposition of the compound, even at < 100 W. 

IR (KBr) ν [cm–1] = Compound was too air sensitive for IR, no reliable information. 

1H NMR (400.13 MHz, [D8]toluene): δ [ppm] = 1.65 (s, 18H, tBu), 1.39 (s, 18H, tBu, 3J(P,H) = 

1 Hz). 
31P NMR (162.01 MHz, [D8]toluene): δ [ppm] = −134.5 (s, 1J(P,Te) = 1029 Hz, 2J(P,P) = 

31 Hz, 2J(P,Te) = 34 Hz). 
125Te NMR (126.43 MHz, [D8]toluene): δ [ppm] = 442.8 (dd, 1J(P,Te) = 1031 Hz, 3J(P,Te) = 

41 Hz), 361.9 (t, 1J(125Te,123Te) = 1254 Hz, 2J(P,Te) = 35 Hz). 

MS (EI+, m/z), 730 [M+] (calculated: 729.91 [M+]). 

EA calcd (%) for C16H36N4P2Te3: C 26.35, H 4.98, N 7.68, found: C 26.34, H 4.93, N 7.63. 
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D.6 ALTERNATIVE SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] (II-4) 

 
[Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-2) (500 mg, 0.57 mmol, 1 eq) was 

suspended in toluene and cooled to −78 °C. I2 (145 mg, 0.57 mmol, 1 eq) dissolved in 

toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by cannula. The 

solution was stirred at that temperature for 30 min and then warmed to room temperature. 

The reaction mixture was stirred for an additional 1 h. Afterwards the mixture was filtered to 

remove released Te and the toluene was removed under vacuum. In the next step the solid 

material was resolved in hexane, filtered and the n-hexane removed to afford a dark red to 

black material. Recrystallisation from pentane afforded black crystals that were filtered off 

and dried under vacuum (Yield: 58 mg, 14 %). 

D.7 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) 

 
Na2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.6 mmol, 1 eq) was dissolved in 

toluene and cooled to −78 °C. Se2Cl2 (137 mg, 0.6 mmol, 1 eq) dissolved in toluene (15 mL) 

and maintained at −78 °C was added dropwise over 15 min by cannula. The solution was 

stirred at that temperature for 3 h and then warmed to room temperature. The reaction 

mixture was stirred for an additional 2 h. The precipitate (NaCl) was filtered off and the 

solvent removed under vacuum. The obtained solid was dissolved in n-hexane and 

maintained at −40 °C overnight. The crystals (identified as [(HNtBu)Se=P(µ-

NtBu)2P=Se(HNtBu)][150] (BP-1) with δ(31P) = 26.7, 1J(P,Se) = 880 Hz)][150]) were filtered off at 

low temperature and the filtrate again maintained at −40 °C overnight. This procedure was 

repeated twice to yield orange crystals, which were filtered off and dried under vacuum. 

Yield: 56 %. 

M.p. 142 °C (dec.). 

IR (KBr) ν [cm–1] = 2964.6 (s), 2891.3 (m), 2856.5 (m), 2370.4 (w), 2328.8 (w), 1454.1 (m), 

1388.9 (s), 1377.8 (s), 1359.7 (s), 1246.5 (m), 1218.5 (m), 1195.8 (s), 1051.0 (s), 930.0 (w), 
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897.9 (s), 847.8 (w), 821.9 (m), 738.4 (w), 655.2 (w), 602.2 (s), 549.4 (m), 464.0 (w), 

425.3 (m). 

Raman ν [cm–1] = 2969.4 (m), 2925.0 (m), 2898.8 (m), 2767.1 (vw), 2704.1 (w), 2692.7 (w), 

1458.7 (m), 1445.1 (m), 1412.2 (m), 1380.7 (m), 1219.9 (m), 1185.3 (w), 1134.0 (w), 1025.5 

(w), 910.8 (w), 852.7 (w), 811.4 (w), 707.7 (w), 655.4 (w), 604.5 (m), 552.4 (w), 521.5 (vw), 

510.1 (vw), 426.4 (w), 370.6 (w), 353.8(w), 274.4 (vs), 208.9 (s), 183.0 (m). 

1H NMR (400.13 MHz, [D8]toluene): δ [ppm] = 1.61 (s, 18H, tBu), 1.34 (s, 18H, tBu). 
13C NMR (67.93 MHz, [D8]THF): δ [ppm] = 56.8 (s, 2C, tBu), 52.3 (s, 2C, tBu), 34.2 (t, 6C, 

tBu, 2J(C,P) = 5.2 Hz), 29.6 (t, 6C, tBu, 2J(C,P) = 5.2 Hz). 

31P NMR (162.01 MHz, [D8]THF): δ [ppm] = −50.8 (s, 1J(P,Se) = 523.5 Hz, 2J(P,P) = 10 Hz).  
77Se NMR (76.32 MHz, [D8]THF): δ [ppm] = 673.0 (t, 2J(Se,P) = 20.4 Hz), 336.7 (dd, 1J(Se,P) 

= 523.5 Hz, 3J(Se,P) = 6.0 Hz). 

MS (CI+, m/z), 665 [M++H], (calculated: 694.91 [M++H]). Accurate mass measurement 

664.9155 [M++H]. 

EA calcd (%) for C16H36N4P2Se4: C 29.02, H 5.48, N 8.46, found: C 29.16, H 5.48, N 8.51. 

An alternative synthesis and the formation of the C.T.-complex III-2a are discussed in 

chapter III. 
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D.8 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6) + [(tBuNP(µ-

NtBu)2PNtBu)(µ-TeSeTe)] (II-7) + [(tBu(H)N(Se)P(µ-NtBu)2P(Se)tBuN)]2(µ-N,Se-Te) (BP-

3) 

 

Procedure as for [(tBuNP(µ-NtBu)2PNtBu)(µ-Te3)] II-4 using Se2Cl2 (135 mg, 0.59 mmol, 

1 eq.) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 0.59 mmol). The 

reaction results in the formation of at least three products that were identified as well as one 

by-product (II-4) and one decomposition product (BP-1). 

The major product has the following NMR values. 

Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSeTe)] (II-7): 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −121.0 (1J(P,125Te) = 1025 Hz; 2J(P,77Se) = 

29 Hz; 2J(P,P) = 23 Hz). 
77Se NMR (51.52 MHz, [D8]toluene): δ [ppm] = 240.9 (t, 2J(P,77Se) = 30 Hz) ppm. 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 870.3 (dd, 1J(P,125Te) = 1025 Hz; 3J(P,125Te) 

= 34 Hz). 

Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSe2Te)] (II-6): 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −68.6 (1J(P,125Te) = 1287 Hz; 2J(P,P) = 47 Hz; 
1J(P,77Se) = 14 Hz) ppm).  
77Se NMR (51.52 MHz, [D8]toluene): δ [ppm] = 465.6 (pseudo-t (dd?!), 2J(P,77Se = 14 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 711.6 (dd, 1J(P,125Te) = 1289 Hz; 3J(P,125Te) 

= 42 Hz). 

A few crystals of the Se2 compound II-6 were isolated: 

EA calcd (%) for C16H36N4P2Te2Se2: C 25.30, H 4.78, N 7.38, found: C 25.32, H 4.92, N 7.47. 

 

Furthermore, resonances in the 31P and 125Te NMR spectra for the tritelluride [(tBuNP(µ-

NtBu)2PNtBu)(µ-Te3)] (II-4) are visible: 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −134.6 (1J(P,125Te) = 1028 Hz; 2J(P,P) = 

31 Hz); 125Te NMR (126.43 MHz, [D8]toluene): δ [ppm] = 442.8 (dd, 1J(P,Te) = 1031 Hz, 
3J(P,Te) = 41 Hz), 361.9 (t, 1J(125Te,123Te) = 1254 Hz, 2J(P,Te) = 35 Hz). 
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As a decomposition product/by-product [(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] [δ(31P) = 

26.7 ppm, 1J(P,Se) = 880 Hz)][150] could be identified. When using a higher amount (> 1 eq) 

of Se2Cl2 this compound is the major product. 

The signals for the third product [(tBu(H)N(Se)P(µ-NtBu)2P(Se)tBuN)]2(µ-N,Se-Te) (BP-3) 

could not be reliably assigned. The compound was characterised by X-ray analysis only. 

D.9 SYNTHESIS OF [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) 

 
[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 0.59 mmol) was suspended in 

toluene (10 mL) and cooled to −78 °C. AdPCl2 (140 mg, 0.59 mmol) was dissolved in toluene 

(10 mL), maintained at −78 °C and then added dropwise to the solution of 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] over 15 min by cannula. The reaction mixture 

was stirred at that temperature for 2 h and then warmed to room temperature. After stirring 

for an additional 1 h, the precipitate (LiCl) was filtered off and the solvent removed under 

vacuum. The obtained solid was dissolved in n-hexane and maintained at −40 °C overnight. 

The deep red crystals were filtered off and dried under vacuum. The resulting filtrate was 

concentrated and again placed in the freezer overnight to produce another batch of crystals 

(overall yield: 23 %).  

1H NMR (270.17 MHz, C6D6): δ [ppm] = 1.98 (m, 9H, Ad) 1.82 (s, 9H, tBu), 1.73 (s, 9H, tBu), 

1.47 (s, 18H, tBu), 1.42 (m, 6H, Ad). 
31P NMR (109.37 MHz, C6D6): δ [ppm] = 89.5 (t, 1J(P,Te) = 420 Hz, 2J(P,P) = 8.1 Hz), −129.0 

(d, 1J(P1,Te) = 1073 Hz, 2J(P1,P2) = 8.1 Hz, 2J(P1,P1’) = 21 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 368.5 (1J(P2,Te) = 418 Hz, 1J(P1,Te) = 

1073 Hz, 3J(P,Te) = 29 Hz). 

MS (CI+, m/z), 769.1 [M++H] (calculated: 769.1 [M++H]). 

EA calcd (%) for C26H51N4P3Te2: C 40.67, H 6.69, N 7.30, found: C 40.76, H 6.71, N 7.38.  
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D.10 SYNTHESIS OF [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(tBu)–Te)] (II-8b) 

 
Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using tBuPCl2 (94 mg, 

0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 0.59 mmol) 

(yield: 18 %). 

1H NMR (270.17 MHz, [D8]toluene): δ [ppm] = 1.86 (s, 9H, tBu), 1.72 (s, 9H, tBu), 1.45 (s, 

18H, tBu), 1.40 (d, 9H, PtBu, 2J(P,H) = 12 Hz). 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 93.9 (t, 1J(P,Te) = 418 Hz, 2J(P2,P1) = 8.1 

Hz), −129.6 (d, 1J(P,Te) = 1073 Hz, 2J(P1,P2) = 8.4 Hz, 2J(P1,P1’) = 21 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 423.4 (1J(P2,Te) = 416 Hz, 1J(P1,Te) = 

1073 Hz, 3J(P,Te) = 32 Hz). 

MS (CI+, m/z), 691.1 [M++H] (calculated: 691.1 [M++H]). 

EA calcd (%) for C20H45N4P3Te2: C 34.83, H 6.58, N 8.12, found: C 34.84, H 6.61, N 7.97. 

D.11 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) was 

dissolved in toluene (10 mL) and cooled to −78 °C. AdPCl2 (214 mg, 0.60 mmol, 1 eq.) 

dissolved in toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by 

cannula. The solution was stirred at that temperature for 1 h and then warmed to room 

temperature. The reaction mixture was stirred for an additional 3 h. Afterwards the solvent 

was removed under vacuum, n-hexane (20 mL) added and the suspension filtered to remove 

the formed NaCl. The n-hexane solution was then stored at −78 °C to yield colourless 

crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a) in a yield of about 79 % 

according to the integrated 31P NMR spectrum. The separation of the product from the 

colourless decomposition product/by-product [(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] (BP-1) 
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[δ(31P) = 26.7, 1J(P,Se) = 880 Hz)][150] was not possible due to a very similar 

crystallisation/solubility behaviour.  

Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a): 
31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 132.0 (1J(P,Se) = 231.8 Hz), −76.8 (1J(P,Se) = 

449.5 Hz, 2J(P,P) = 58.0 Hz). 
77Se NMR (51.52 MHz, [D8]THF): δ [ppm] = 226.5 (ddd, 1J(Se,PV) = 449.0 Hz, 1J(Se,PIII) = 

232.1 Hz, 3J(Se,P) = 15.6 Hz).  

D.12 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b) 

 
Procedure as for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(Ad)Se)] (II-10a) using tBuPCl2 (95 mg, 

0.60 mmol, 1 eq). After the solvent was removed under vacuum, n-hexane (20 mL) was 

added and the suspension was filtered to remove the formed NaCl. The n-hexane solution 

was then stored at −78 °C to yield colourless crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-

SeP(tBu)Se)] (II-10b) (yield: 40 % due to 31P NMR).  

The separation from the colourless decomposition product/by-product [(HNtBu)Se=P(µ-

NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7, 1J(P,Se) = 880 Hz)][150] was not possible due to a 

very similar crystallisation/solubility behaviour. This protonated species was observed in a 

yield of about 20 % (integrated 31P NMR spectrum). 

Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeP(tBu)Se)] (II-10b): 
31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 139.5 (1J(P,Se) = 234.1 Hz), −78.0 (1J(P,Se) = 

447.3 Hz, 2J(P,P) = 58.0 Hz). 
77Se NMR (51.52 MHz, [D8]THF): δ [ppm] = 256.0 (1J(Se,PV) = 450.8 Hz, 1J(Se,PIII) = 

234.4 Hz, 3J(Se,P) = 19.6 Hz).  

MS (EI+, m/z): 580.1 [M+−CH3+H] (calculated: 580.1 [M+−CH3+H]).  

EA calcd (%) for C20H45N4P3Se2: C 40.55, H 7.66, N 9.46, found: C 40.71, H 7.77, N 9.37. 
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D.13 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(Ad)S)] (II-12a) + [(tBu(H)NP(S)(µ-

NtBu)2P)(µ-N(tBu)P(Ad)S)] (II-11a)  

 

[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in toluene (10 mL) and cooled to −78 °C. AdPCl2 (159 mg, 0.68 mmol, 1 eq.) dissolved in 

toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by cannula. The 

solution was stirred at that temperature for 1 h and then warmed to room temperature. The 

reaction mixture was stirred for an additional 3 h. Afterwards the solvent was removed under 

vacuum, n-hexane (20 mL) added and the suspension was filtered to remove the formed 

NaCl.  

The separation of the product from the colourless decomposition product/by-product 

[(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] (BP-2) [δ(31P) = 40.0 ppm][151] was not possible due to a 

very similar crystallisation/solubility behaviour of the three compounds.  

Data for [S,S-(tBuNP(µ-NtBu)2PNtBu)(µ-SP(Ad)S)] (II-12a): 

Yield according to 31P NMR spectrum: ca. 3 % 

31P NMR (109.37 MHz, C6D6-capillary): δ [ppm] = 120.1 (s), −56.2 (s). 

MS (EI+, m/z), 576.3 [M+] (calculated: 576.3 [M+]).; 561.3 [M+−CH3] (calculated: 561.3 

[M+−CH3]). 

Data for [(tBuNHP(S)(µ-NtBu)2P)(µ-N(tBu)P(Ad)S)] (II-11a): 

Yield according to 31P NMR: ca. 71 % 

31P NMR (109.37 MHz, C6D6-capillary): δ [ppm] = 111.4 (d, 2J(P,P) = 43.4 Hz), 17.3 (dd, 
2J(P,P) = 43.4 Hz, 2J(P,P) = 26.9 Hz), 14.6 (d, 2J(P,P) = 26.8 Hz). 

MS (EI+, m/z), 576.3 [M+−H] (calculated: 576.3 [M+−H]).; 561.3 [M+−CH3−H] (calculated: 

561.3 [M+−CH3−H]). 
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D.14 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(tBu)S)] (II-12b) + [(tBu(H)NP(S)(µ-

NtBu)2P)(µ-N(tBu)P(tBu)S)] (II-11b)  

 

[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in toluene (10 mL) and cooled to −78 °C. tBuPCl2 (107 mg, 0.68 mmol, 1 eq) dissolved in 

toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by cannula. The 

solution was stirred at that temperature for 1 h and then warmed to room temperature. The 

reaction mixture was stirred for an additional 3 h. Afterwards the solvent was removed under 

vacuum, n-hexane (20 mL) added and the suspension was filtered to remove the formed 

NaCl.  

The separation of the product from the colourless decomposition product/by-product 

[(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] (BP-2) [δ(31P) = 40.0 ppm][151] was not possible due to a 

very similar crystallisation/solubility behaviour of the three compounds.  

Data for [S,S-(tBuNP(µ-NtBu)2PNtBu)(µ-SP(tBu)S)] (II-12b): 

Yield according to 31P NMR: ca. 5 % 

31P NMR (109.37 MHz, C6D6-capillary): δ [ppm] = 126.5 (s), −56.9 (s). 

MS (EI+, m/z), 498.2 [M+] (calculated: 498.2 [M+]).; 483.1 [M+−CH3] (calculated: 438.2 

[M+−CH3]). 

Data for [(tBuNHP(S)(µ-NtBu)2P)(µ-N(tBu)P(tBu)S)] (II-11b):  

Yield according to 31P NMR: ca. 67 % 

31P NMR (109.37 MHz, C6D6-capillary): δ [ppm] = 116.9 (d, 2J(P,P) = 42.3 Hz), 17.2 (dd, 
2J(P,P) = 42.5 Hz, 2J(P,P) = 27.1 Hz), 14.4 (d, 2J(P,P) = 27.0 Hz). 

MS (EI+, m/z), 498.2 [M+−H] (calculated: 498.2 [M+−H]).; 483.1 [M+−CH3−H] (calculated: 

438.2 [M+−CH3−H]). 
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D.15 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SP(NiPr2)S)] (II-12c) + [(tBu(H)NP(S)(µ-

NtBu)2P)(µ-N(tBu)P(NiPr2)S)] (II-11c)  

 

Reaction according to the synthesis of II-11a/II-12a using NiPr2PCl2 (159 mg, 0.68 mmol, 

1 eq) instead of AdPCl2. The separation of the product from the colourless decomposition 

product/by-product [(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] (BP-2) [δ(31P) = 40.0 ppm][151] was 

not possible due to a very similar crystallisation/solubility behaviour of the three compounds.  

Data for [S,S-(tBuNP(µ-NtBu)2PNtBu)(µ-SP(NiPr2)S)] (II-12c): 

Yield according to 31P NMR: ca. 2 % 

31P NMR (109.37 MHz, C6D6-capillary): δ [ppm] = 139.4 (t, 2J(P,P) = 4.3 Hz), −57.7 (d, 
2J(P,P) = 4.3 Hz). 

MS (EI+, m/z), 541.3 [M+] (calculated: 541.3 [M+]); 526.2 [M+−CH3] (calculated: 526.2 

[M+−CH3]). 

Data for [(tBuNHP(S)(µ-NtBu)2P)(µ-N(tBu)P(NiPr2)S)] (II-11c): 

Yield according to 31P NMR: ca. 93 % 

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 100.4 (d, 2J(P,P) = 44.4 Hz), 16.8 (dd, 2J(P,P) = 

44.6 Hz, 2J(P,P) = 25.9 Hz), 15.2 (d, 2J(P,P) = 26.2 Hz). 

MS (EI+, m/z), 541.3 [M+−H] (calculated: 541.3 [M+−H]); 526.2 [M+−CH3−H] (calculated: 526.2 

[M+−CH3−H]). 

D.16 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeAs(Et)Te)] (II-13) 

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using EtAsCl2 (103 mg, 

0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 0.59 mmol) 
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yielding a red compound. All attempts of crystallisation and further purification failed due to 

high sensitivity of the compound and slow decomposition in solution. 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −135.7 (s, 1J(P,Te) = 1122 Hz, 2J(P,P) = 

12.9 Hz). 

 125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 476.7 (1J(P,Te) = 1126 Hz).  

MS (EI+, m/z), 706.0 [M+] (calculated: 706.0 [M+]). 

D.17 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSb(Ph)Te)] (II-14)  

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using PhSbCl2 (159 mg, 

0.59 mmol, 1 eq) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 

0.59 mmol) yielding a brown-red compound. All attempts of crystallisation and further 

purification failed due to high sensitivity of the compound and slow decomposition in solution. 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −140.6 (s, 1J(P,Te) = 1136 Hz, 2J(P,P) = 

7.8 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 316.8 (1J(P,Te) = 1137 Hz, 3J(P,Te) = 21 Hz). 

D.18 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15) 

 
Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Se–P(Ad)–Se)] (II-10a) using EtAsI2 (214 mg, 

0.60 mmol) and [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 

1 eq) yielding about 42 % [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15) according to the 

integrated 31P NMR spectrum. The separation of a large amount of the product from the 

colourless decomposition product/by-product [(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] (BP-1) 

[δ(31P) = 26.7, 1J(P,Se) = 880 Hz)][150] was not possible due to a very similar 

crystallisation/solubility behaviour.  
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Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeAs(Et)Se)] (II-15): 

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = −76.9 (s, 1J(P,Se) = 460.4 Hz, 2J(P,P) = 51.4 Hz) 
77Se NMR (51.52 MHz, [D8]THF): δ [ppm] = 284.3 (1J(Se,P) = 461.0 Hz, 3J(Se,P) = 12.7 Hz).  

D.19 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SAs(Et)S)] (II-16) 

 

Reaction according to the synthesis of the PAd derivatives II-11a/II-12a using EtAsI2 

(241 mg, 0.68 mmol, 1 eq) instead of AdPCl2. The separation of the product from the 

colourless decomposition product/by-product [(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] (BP-2) 

[δ(31P) = 40.0 ppm][151] was not possible due to a very similar crystallisation/solubility 

behaviour of the three compounds.  

Yield according to 31P NMR spectrum: 79 % 
31P NMR (109.37 MHz, [D8]THF): δ [ppm] = −52.9 (s). 

MS (EI+, m/z): 514.1 [M+] (calculated: 514.1 [M+]).  

D.20 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeGe(Ph)2Te)] (II-17) 

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using Ph2GeCl2 

(176 mg, 0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 

0.59 mmol) yielding red crystals that were filtered off and dried under vacuum (yield 39 %). 

IR (KBr) ν [cm–1] = 3049.2 (w), 2967.9 (s), 2920.6 (m), 2894.8 (m), 2858.6 (m), 2363 (m), 

2339.7 (m), 1803.7 (w), 1656.8 (w), 1579.1 (w), 1459.0 (m), 1431.0 (m), 1330.0 (vs), 1357.9 

(vs), 1258.3 (m), 1217.3 (s), 1196.7 (s), 1075.5 (m), 1047.3 (vs), 934.6 (w), 897.8 (s), 845.7 

(w), 816.9 (m), 732.6 (m), 694.0 (m), 654.6 (w), 595.4 (s), 540.9 (m), 486.8 (w), 454.3 (m), 

422.8 (w). 
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1H NMR (400.13 MHz, [D8]toluene): δ [ppm] = 7.78-7.75 (m, 4H, Ph), 7.12-7.05 (m, 6H, Ph), 

1.57 (s, 18H, tBu), 1.39 (s, 18H, tBu).  
31P NMR (161.98 MHz, [D8]toluene): δ [ppm] = −136.4 (s, 1J(P,Te) = 1103 Hz, 2J(P,P) = 

20 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 162.4 (1J(P,Te) = 1105 Hz, 3J(P,Te) = 26 Hz). 

MS (EI+, m/z), 828.1 [M+] (calculated: 828.1 [M+]). 

HR-MS (EI+, m/z) 834.0528 [M+], (calculated: 834.0528 [M+] = C28H46N4
74Ge1P2

130Te2). 

EA calcd (%) for C28H46GeN4P2Te3: C 40.59, H 5.80, N 6.76, found: C 40.65, H 5.65, N 6.84. 

D.21 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeGe(Ph)2Se)] (II-18) 

 
Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Se–P(Ad)–Se)] (II-10a) using Ph2GeCl2 

(178 mg, 0.60 mmol) and [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 

0.60 mmol, 1 eq) yielding yellow prismatic crystals. The separation of a large amount of the 

product from the colourless decomposition product/by-product [(HNtBu)Se=P(µ-

NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7 ppm, 1J(P,Se) = 880 Hz)][150] was not possible due 

to a very similar crystallisation/solubility behaviour.  

Data for [(tBuNP(µ-NtBu)2PNtBu)(µ-SeGe(Ph)2Se)]: 
31P NMR (109.37 MHz, [D8]THF): δ [ppm] = −80.4 (1J(P,Se) = 470.3 Hz, 2J(P,P) = 60.2 Hz). 
77Se NMR (51.52 MHz, [D8]THF): δ [ppm] = 137.6 (dd, 1J(Se,P) = 470.1 Hz, 3J(Se,P) = 

15.6 Hz).  

MS (EI+, m/z): 733.1 [M++H] (calculated: 733.1 [M++H]).  
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D.22 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(tBu)2Te)] (II-19a) 

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using tBu2SnCl2 

(179 mg, 0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 

0.59 mmol) yielding yellow crystals (yield 34 %). 

IR (KBr, ν cm–1): 2958.7 (s), 2915.5 (s), 2848.0 (s), 2708.6 (w), 2370.9 (w), 2336.2 (w), 

1852.8 (w), 1808.9 (w), 1728.6 (w), 1663.0 (w), 1593.1 (w), 1460.6 (m), 1359.1 (vs), 1246.0 

(m), 1197.7 (m), 1150.1 (m), 1098.8 (m), 1049.0 (s), 930.9 (w), 894.0 (m), 813.1 (m), 696.0 

(w), 650.5 (w), 591.3 (s), 546.0 (m), 450.7 (w), 419.7 (w), 380.9 (w). 

 1H NMR (270.17 MHz, [D8]toluene): δ [ppm] = 1.71 (s, 18H, tBu) 1.46 (s, 18H, tBu), 1.38 (s, 

18H, tBu).  
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −141.6 (s, 1J(P,Te) = 1183 Hz, 2J(P,Sn) = 

52 Hz, 2J(P,P) = 6.1 Hz). 
119Sn NMR (100.75 MHz, [D8]toluene): δ [ppm] = 34.2 (2J(P,Sn) = 52 Hz, 1J(Sn,Te) = 

3385 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = −47.7 (1J(P,Te) = 1181 Hz, 3J(P,Te) = 25 Hz).  

MS (EI+, m/z), 836.2 [M+] (calculated: 836.1 [M]+); 821.1 [M+−CH3] (calculated: 821.1 

[M+−CH3]). 

HR-MS (EI+, m/z) 783.0260 [M+−tBu], (calculated: 783.0260 [M+−tBu] = C20H45N4P2Sn1Te2). 

EA calcd (%) for C24H54N4P2SnTe2: C 34.54, H 6.52, N 6.71, found: C 34.45, H 6.57, N 6.62. 

D.23 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(nBu)2Te)] (II-19b) 

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] using nBu2SnCl2 (179 mg, 

0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (500 mg, 0.59 mmol) yielding 
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yellow crystals, that were extremely air sensitive. This precluded further characterisation by 

X-ray or EA. 

1H NMR (270.17 MHz, [D8]toluene): δ [ppm] = 1.71 (s, 18H, tBu), 1.66-1.47 (m, 4H+4H, nBu), 

1.44 (s, 18H, tBu), 1.32 (s, 4H, 2J(HH) = 7.6 Hz, nBu), 0.90 (t, 6H, 2J(HH) = 7.6 Hz, nBu). 

31P NMR (202.46 MHz, [D8]toluene): δ [ppm] = −141.1 (s, 1J(P,Te) = 1140 Hz, 2J(P,Sn) = 

51 Hz). 
119Sn NMR (100.75 MHz, [D8]toluene): δ [ppm] = −84.7 (2J(P,Sn) = 52 Hz, 1J(Sn,Te) = 

3288 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 6.7 (dd, 1J(P,Te) = 1137 Hz, 3J(P,Te) = 

26 Hz). 

D.24 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-TeSn(Ph)2Te)] (II-19c) 

 

Procedure as for [(tBuN)P(µ-NtBu)2P(NtBu)(µ-Te–P(Ad)–Te)] (II-8a) using Ph2SnCl2 

(203 mg, 0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 

0.59 mmol) yielding yellow crystals, that were extremely air sensitive. This precluded further 

characterisation by X-ray or EA. 

31P NMR (161.98 MHz, [D8]toluene): δ [ppm] = −140.4 (s, 1J(P,Te) = 1102 Hz, 2J(P,Sn) = 

60 Hz, 2J(P,P) = 6.5 Hz).  
119Sn NMR (100.75 MHz, [D8]toluene): δ [ppm] = −156.1 (2J(P,Sn) = 62 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 23.4 (1J(P,Te) = 1102 Hz, 3J(P,Te) = 26 Hz). 

D.25 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (II-20) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) was 

dissolved in toluene (10 mL) and cooled to −78 °C. tBu2SnCl2 (182 mg, 0.60 mmol, 1 eq) 

dissolved in toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by 
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cannula. The solution was stirred at that temperature for 1 h and then warmed to room 

temperature. The reaction mixture was stirred for an additional 3 h. Afterwards the solvent 

was removed under vacuum, n-hexane (20 mL) added and the suspension filtered to remove 

the formed NaCl. The n-hexane solution was then stored at −78 °C to yield colourless 

crystals of [(tBuNP(µ-NtBu)2PNtBu)(µ-SeSn(tBu)2Se)] (yield: 78 % due to 31P NMR).  

The separation of a large amount of the product from the colourless decomposition 

product/by-product [(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7, 1J(P,Se) = 

880 Hz)][150] was not possible due to a very similar crystallisation/solubility behaviour.  

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = −77.0 (s, 1J(P,Se) = 500.0 Hz, 2J(P,Sn) = 

42.3 Hz). 
119Sn NMR (100.75 MHz, [D8]THF): δ [ppm] = 69.8 (2J(P,Sn) = 43.1 Hz, 1J(Sn,Se) = 

690.5 Hz). 
77Se NMR (51.52 MHz, [D8]THF): δ [ppm] = 77.3 (1J(P,Se) = 498.2 Hz, 3J(P,Se) = 12.0 Hz).  

MS (EI+, m/z): 723.1 [M+−CH3] (calculated: 723.1 [M+−CH3]).  

EA calcd (%) for C24H54N4P2SnSe2: C 39.10, H 7.38, N 7.60, found: C 39.06, H 7.40, N 7.56. 

D.26 SYNTHESIS OF [(tBuNP(µ-NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21) 

 
[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in toluene (10 mL) and cooled to −78 °C. tBu2SnCl2 (207 mg, 0.68 mmol, 1 eq) dissolved in 

toluene (15 mL) and maintained at −78 °C was added dropwise over 15 min by cannula. The 

solution was stirred at that temperature for 1 h and then warmed to room temperature. The 

reaction mixture was stirred for an additional 3 h. Afterwards the solvent was removed under 

vacuum, n-hexane (20 mL) added and the suspension filtered to remove the formed NaCl. 

The n-hexane solution was then stored at −78 °C to yield colourless crystals of [(tBuNP(µ-

NtBu)2PNtBu)(µ-SSn(tBu)2S)] (II-21) (yield: 80 % due to 31P NMR).  

The separation of a large amount of the product from the colourless decomposition 

product/by-product [(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)] (BP-2) [δ(31P) = 40.0 ppm][151] was 

not possible due to a very similar crystallisation/solubility behaviour of the two compounds.  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −48.7 (s, 2J(P,Sn) = 35.2 Hz).  
119Sn NMR (100.75 MHz, [D8]THF): δ [ppm] = 66.4 (2J(P,Sn) = 33.9 Hz).  
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MS (EI+, m/z), 629.2 [M+−CH3] (calculated: 629.2 [M+−CH3]). 

EA calcd (%) for C24H54N4P2SnS2: C 44.80, H 8.46, N 8.71, found: C 44.73, H 8.49, N 8.80. 
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D.27 SYNTHESIS OF [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-N,Te-

(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] (II-22) 

 
[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-1) (500 mg, 0.59 mmol) was suspended in 

toluene (10 mL) and cooled to −78 °C. GaCl3 (53 mg, 0.30 mmol, 0.5 eq.) was suspended in 

toluene (10 mL), maintained at −78 °C and then added to the solution of 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] over 15 min by cannula (wide diameter). The 

reaction mixture was stirred at that temperature for 2 h and then warmed to room 

temperature. After stirring for an additional 1 h, the precipitate (LiCl) was filtered off and the 

solvent removed under vacuum. The obtained solid was dissolved in n-hexane (20 mL) and 

maintained at −40 °C overnight. The high sensitivity of the compound, especially in solution 

precluded further characterisation (very low solubility in n-hexane and toluene precluded the 

observation of 125Te NMR, decomposition in THF). 

31P NMR (202.46 MHz, [D8]toluene): δ [ppm] = 76.6 (s), −44.7 (s, 1J(P,Te) = 1233 Hz), 

−133.3 (s, 1J(P,Te) = 1130 Hz, 3J(P,Te) = 184 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = decomposition during the measurement 

precluded reliable characterisation by 125Te NMR.  

D.28 SYNTHESIS OF [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-In){-N,Te-(N(tBu)TeP(µ-

NtBu)2PN(H)tBu)}] (II-23) 

 

Procedure as for the synthesis of [{Te,Te’-(tBuN(Te)P(µ-NtBu)2P(Te)NtBu)}(µ-Ga){-N,Te-

(N(tBu)TeP(µ-NtBu)2PN(H)tBu)}] using InCl3 (66 mg, 0.30 mmol, 0.5 eq.) (179 mg, 

0.59 mmol) and [Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (500 mg, 0.59 mmol). 

Recrystallisation from n-hexane afforded yellow crystals suitable for X-ray spectroscopy 

(yield: 12 %). 
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31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 78.1 (d, 2J(P,P) = 3.4 Hz), −41.2 (d, 1J(P,Te) = 

1251 Hz, 2J(P,P) = 3.4 Hz), −135.1 (s, 1J(P,Te) = 1113 Hz, 2J(P,P) = 10.2 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = decomposition during the measurement 

precluded reliable characterisation by 125Te NMR.  

MS (EI+), m/z), 1192.1 [M+] (calculated: 1192.1 [M+]); 1177.1 [M+−CH3] (calculated: 1177.1 

[M+−CH3]).  

EA calcd (%) for C32H73N8P4InTe3: C 32.26, H 6.18, N 9.40, found: C 32.32, H 6.20, N 9.59. 
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E EXPERIMENTAL PROCEDURES – CHAPTER III 
E.1 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) was 

dissolved in THF and cooled to −78 °C. I2 (152 mg, 0.60 mmol, 1 eq) dissolved in THF 

(15 mL) and maintained at −78 °C was added dropwise over 15 min by cannula. The solution 

was stirred at that temperature for 30 min and then warmed to room temperature. The 

reaction mixture was stirred for an additional 1 h. The precipitate was filtered off and dried 

under vacuum. The obtained solid was suspended in 40 mL of dry THF and warmed to 50 °C 

and subsequently filtered off to remove remaining traces of NaI. Drying in vacuo afforded an 

orange solid (yield: 35 %). 

M.p. 169 °C. 

IR (KBr) ν [cm–1] = 2969.4 (s), 1456.8 (m), 1364.3 (s, b), 1249.2 (m), 1217.8 (s), 1199.4 (s), 

1047.0 (s), 930.2 (m), 899.0 (s), 849.0 (w), 822.8 (s) 737.1 (w), 703.0 (w), 658.1 (m), 595.6 

(s), 542.7 (m), 515.2 (w), 485.7 (m), 434.1 (w). 

Raman ν [cm–1] = 2974.3 (m), 2927.8 (m), 1447.6 (m), 1382.6 (m), 1245.1 (w), 1219.7 (m), 

1185.3 (w), 1131.1 (w), 1028.6 (w), 908.9 (m), 849.1 (w), 812.1 (w), 702.8 (m), 605.6 (m), 

549 (m), 438.9 (w), 424.7 (w), 370.6 (w), 347.8 (w), 294.1 (vs), 223.6 (s), 179.0 (m). 

1H NMR (400.13 MHz, C6D6): δ [ppm] = 1.56 (s, 18H, tBu), 1.39 (s, 18H, tBu). 
31P NMR (162.01 MHz, [D8]THF): δ [ppm] = −67.3 (s, 1J(P,Se) = 428.5 Hz, 2J(P,P) = 19.5 Hz, 
2J(P,Se) = hidden under the singlet). 
77Se NMR (76.32 MHz, [D8]THF): δ [ppm] = 408.6 (d, 1J(P,Se) = 428.5 Hz). 

13C NMR (75.47 MHz, solid state, 25 °C, 85% H3PO4/D2O): δ [ppm] = 54.7 (s, 2C, C(CH3)3), 

52.2 (s, 1C, C(CH3)3), 50.2 (s, 1C, C(CH3)3), 34.2 (s, 3C, C(CH3)3), 32.5 (s, 3C, C(CH3)3), 

28.8 (s, 6C, C(CH3)3). 
31P NMR (121.50 MHz, solid state, 25 °C, NaH2PO4): δ [ppm] = −67.6 (s), −59.8 (s). 

Spin rate: 9800 Hz, Standard NaH2PO4 = 9.3 ppm 
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77Se NMR (57.23 MHz, solid state, 25 °C, Ph2Se): δ [ppm] = 604.6 ppm (broad, 3 peaks). 

MALDI–TOF [m/z], 1583 [M++3 Na] – (DCTB-matrix), 1012 [dimer]+ – (DHB-matrix) 

EA calcd (%) for C48H108N12P6Se6: C 38.10, H 7.19, N 11.11, found: C 38.04, H 7.07, N 

10.68. 

The 31P NMR spectrum showed that the filtrate contained some additional [(tBuNP(µ-

NtBu)2PtBuN)(µ-Se2)]3 (III-1), but this could not be separated from [(HNtBu)Se=P(µ-

NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7, 1J(P,Se) = 880 Hz)][150] and the tetraselenide, 

which was identified on the basis of 31P and 77Se NMR spectra (vide supra). 

E.2 II-2A: REACTION OF [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) with 3 I2 

     

[(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) (200 mg, 0.13 mmol, 1 eq.) was suspended in THF 

and a THF solution of I2 (100 mg, 0.39 mmol, 3 eq.) was added. Stirring for 24 h at RT slowly 

yielded [(tBuNP(µ-NtBu)2PNtBu)(µ-Se4)] (II-5) and as a minor product [tBu(H)N(Se)P(µ-

NtBu)2P(Se)N(H)tBu] • I2 (III-2a). 31P NMR spectroscopy revealed the by-product 

[(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7, 1J(P,Se) = 880 Hz)].[150] 

The data for II-5 is discussed in chapter II and the corresponding experimental part. The 

charge-transfer complex [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] • I2 (III-2a) was isolated and 

characterised by X-ray crystallography only. 

E.3 II-2B: REACTION OF [tBuNH(Se)P(µ-NtBu)2P(Se)N(H)tBu)] (BP-1) with I2 

 
[tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] (BP-1) (500 mg, 0.99 mmol, 1 eq.) was dissolved in 

THF (10 mL) and a THF (10 mL) solution of I2 (251 mg, 0.99 mmol, 1 eq.) was added under 

stirring at RT. After 24 h the reaction mixture was filtered, concentrated and left at −40°C to 

crystallise. [tBu(H)N(Se)P(µ-NtBu)2P(Se)N(H)tBu] • I2 (III-2b) was observed as a product and 

identified by X-ray crystallography. 
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E.4 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3 (III-3) 

 
[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in benzene. I2 (173 mg, 0.68 mmol, 1 eq) was also dissolved in benzene (15 mL) and added 

dropwise at RT over 15 min by cannula. The solution was stirred at that temperature for 

30 min and then warmed to room temperature. The precipitate (NaI) was filtered off and the 

benzene removed from the reaction mixture under vacuum. Afterwards n-hexane (30 mL) 

was added, stirred for 5 min and the solid material filtered off and dried under vacuum for 2 h 

(Yield: 62 mg, 22 %). 

M.p. 129 °C. 

IR (KBr) ν [cm–1] = 3384.7 (m), 3311.7 (w), 3269.4 (w), 3161.6(w), 2967.0 (s), 2928.1 (s), 

2869.2 (m), 2712.5 (w), 2365.9 (w), 2035.9 (w), 1862.3 (w), 1463.3 (m), 1385.2 (s), 1364.6 

(s), 1252.1 (m), 1221.7 (s), 1199.2 (s), 1129.4 (w), 1050.7 (s), 1028.6 (s), 929.0 (m), 907.9 

(vs), 851.2 (m), 838.2 (m), 818.5 (m), 756.7 (m), 704.9 (w), 656.0 (m), 611.5 (w), 570.4 (w), 

522.4 (m), 499.5 (w), 444.7 (w), 429.4 (w), 409.1 (w), 362.1 (w). 

Raman ν [cm–1] = 3379.7 (w), 2973.8 (vs), 2931.5 (vs), 2715.6 (w), 1463.3 (s), 1377.7 (m), 

1242.2 (w), 1221.2 (m), 1191.0 (w), 1139.7 (w), 1034.3 (w), 919.7 (m), 840.6 (w), 815.8 (m), 

760.8 (w), 732.3 (w), 710.1 (m), 664.0 (w), 626.9 (w), 586.2 (s), 552.5 (s), 521.5 (m), 499.5 

(m), 464.2 (m), 447.5 (m), 391.0 (m), 359.2 (w), 322.0 (s), 271.2 (s), 242.4 (m), 217.1 (s), 

182.6 (m). 

1H NMR (270.17 MHz, C6D6): δ [ppm] = 1.50 (s, 18H, tBu), 1.32 (s, 18H, tBu). 
31P NMR (109.37 MHz, C6D6): δ [ppm] = −48.7 (s) 

31P NMR (161.9 MHz, solid state, 25 °C, 9.4 T, SPINAL-64 1H dec., 298 K, 14KHz + 10 KHz 

NaH2PO4): δ [ppm] = −61.0 (s), −34.2 (s). 

MS (EI+, m/z), 1231 [M++H]. 

EA calcd (%) for C48H108N12P6S6: C 46.81, H 8.84, N 13.65, found: C 46.69, H 8.91, N 13.59. 
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[(HNtBu)S=P(µ-NtBu)2P=S(HNtBu)][151] was identified as a major by-product in the synthesis 

of [(tBuNP(µ-NtBu)2PtBuN)(µ-S2)]3:  

1H NMR (270.17 MHz, C6D6): 1.72 (s, 18H, tBu), 1.22 (s, 18H, tBu). 
31P NMR (109.37 MHz, C6D6): δ = 40.0 (s). 
31P NMR (161.9 MHz, solid state, 298K, 9.4 T, SPINAL-64 1H dec., 298 K, 14KHz + 10 KHz 

NaH2PO4): δ [ppm] = 38.3 (s). 

E.5 SYNTHESIS OF [Li(TMEDA)]2[(tBuNP(µ-NtBu)2PNtBu)2(µ-Te2)] (III-4) 

 
[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) (500 mg, 0.59 mmol) was suspended 

in toluene and cooled to −78 °C. A solution of I2 (75 mg, 0.29 mmol) in toluene (15 mL) was 

maintained at −78 °C and added dropwise over 15 min by cannula. The reaction mixture was 

stirred for 30 min before being allowed to warm to RT and stirred for an additional 1 h. The 

mixture was then filtered to remove the released elemental Te and the solvent was removed 

under reduced pressure. The solid residue was dissolved in n-hexane, filtered and the 

solvent was removed to afford a dark reddish black material. Recrystallisation from n-hexane 

afforded black crystals that were filtered, dried and identified as [Li(TMEDA)]2[(tBuNPIII(µ-

NtBu)2PVNtBu)2(µ-Te2)] by single crystal XRD (estimated yield 33 % by 31P NMR).  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −83.9 (s, 1J(P,Te) = 1670 Hz), −122.6 (s, 
1J(P,Te) = 1219 Hz).  

The compound is very air sensitive, thermally unstable and decomposes to (tBuNH)P(µ-

NtBu)2P(NtBu)TeTe(tBuN)P(µ-NtBu)2PN(H)tBu) upon numerous attempts to isolate it. 

E.6 SYNTHESIS OF [Na(TMEDA)]2[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (III-5) 

 
[Na(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)] (P-2) (500 mg, 0.57 mmol) was suspended in 

toluene and cooled to −78 °C. A solution of I2 (72 mg, 0.28 mmol) in toluene (15 mL) was 
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maintained at −78 °C and added dropwise over 15 min by cannula. The reaction mixture was 

stirred for 30 min before being allowed to warm to RT and stirred for an additional 1 h. The 

precipitate was filtered off, dried and redissolved in n-hexane at −40 °C. After three days a 

few extremely air and thermally sensitive crystals suitable for X-ray crystallography were 

isolated.  

The compound was characterised by X-ray analysis only, as the compound is almost 

insoluble in n-hexane and toluene and decomposes in THF and other polar solvents. Mass 

spectrometry did not give any data that could be attributed to the compound, EA was 

precluded due to rapid decomposition of the material. The main, weak resonance in the 31P 

NMR from the reaction mixture might be attributable to the compound observed: 

31P NMR (109.37 MHz, C6D6 capillary): δ [ppm] = −73.7 (s, 1J(P,Te) = 1198 Hz). 
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TELLURIUM BASED SIDE PRODUCTS, OBSERVED IN NUMEROUS REACTIONS 

The following compounds have been identified as by-products in multiple reactions with 

[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) and [Na(TMEDA)]2[tBuN(Te)P(µ-

NtBu)2P(Te)NtBu)] (P-2). In the reactions of P-1 or P-2 with 0.5 eq. of TeCl4 III-6 and III-7 

have been identified as the major products. 

E.7 [tBu(H)NP(µ-NtBu)2P(NtBu)Te]2 (III-6) 

 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 70.7 (s, 3J(P,Te) = 174 Hz), −70.7 (s, 1J(P,Te) 

= 1549 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 207.0 (d, 1J(P,Te) = 1536 Hz). 

MS (CI+, m/z), 951 [M++H].  
HR-MS (CI+, m/z) 951.3136 [M++H] (calculated: 951.3155 [M++H]). 

E.8 [(tBu(H)NP(µ-NtBu)2P(NtBu)Te)2(µ-Te)] (III-7) 

 

31P NMR (202.46 MHz, [D8]toluene): δ [ppm] = 65.6 (d, 2J(P,P) = 30 Hz), −83.4 (d, 1J(P,Te) = 

997.7 Hz, 2J(P,P) = 28 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 417.4 (d, 1J(P,Te) = 997 Hz), 263.3 (m).  

HR-MS (ESI+, m/z) 1079.2185 [M++H] (calculated: 1079.2205 [M++H]). 
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F EXPERIMENTAL PROCEDURES – CHAPTER IV 

F.1 SYNTHESIS OF [{tBuHN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Ag)][SO3CF3] (IV-1) 

 
To a suspension of [(tBuNP(µ-NtBu)2PtBuN)(µ-Se2)]3 (III-1) (200 mg, 0.13 mmol, 1 eq.) in 

toluene AgSO3CF3 (100 mg, 0.39 mmol, 3 eq.), which was also suspended in toluene, is 

added via cannulation at RT. The reaction mixture is stirred over night, the precipitate filtered 

off and the solvent removed under vacuum. A recrystallisation of the crude product afforded 

crystals that were identified as [{tBuHN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Ag)][SO3CF3] (IV-1). 

31P NMR (109.37 MHz, [D8]THF): δ [ppm] = 23.4 (s, broad). 

F.2 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SePt{Et2PC2H4PEt2}Se)] (IV-2) 

 
To a suspension of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (200 mg, 

0.24 mmol, 1 eq) in toluene (20 mL) and cooled to (−78 °C) a cooled (−78 °C) toluene 

solution (15 mL) of Cl2Pt(Et2PC2H4PEt2) (113 mg, 0.24 mmol, 1 eq) was added dropwise over 

15 min by cannula. The reaction mixture was stirred at that temperature for 2 h and then 

warmed to room temperature, where it was stirred for an additional 20 h. The compound is 

insoluble in organic solvent. The precipitate was filtered and dried in vacuo. A few crystals 

suitable for X-ray crystallography were observed after the compound was dissolved in boiling 

toluene and filtered.  

The extreme insolubility of the compound prevented the characterisation by solution state 

NMR spectroscopy. The elemental analysis showed that the compound is not entirely pure 

and probably contaminated by NaCl, which is observed as a by-product of the metathetical 

reaction. Thus, the characterisation of IV-2 was limited to X-ray analysis and mass 

spectrometry. 
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31P NMR (109.37 MHz, [D2]DCM): δ [ppm] = 58.1 (d, 3J(P,P) = 31.4 Hz, 1J(P,Pt) = 2784.9 Hz, 
2J(P,Se) = 79.3 Hz), −54.0 (d, 3J(P,P) = 30.9 Hz, 2J(P,Pt) = 117.4 Hz, 1J(P,Se) = 520.0 Hz).  

MS (EI+, m/z), 906.2 [M+] (calculated: 906.2 [M+]); 891.2 [M+−CH3] (calculated: 891.2 

[M+−CH3]). 

F.3 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAg(NHC)Se)] (IV-3) 

 
To a suspension of [Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (200 mg, 

0.24 mmol, 1 eq) in toluene (20 mL) and cooled to (−78 °C) a cooled (−78 °C) toluene 

solution (15 mL) of AgCl(NHC) (108 mg, 0.24 mmol, 1 eq) was added dropwise over 15 min 

by cannula. The reaction mixture was stirred at that temperature for 2 h and then warmed to 

room temperature, where it was stirred for an additional 20 h. The solvent was removed in 

vacuo and the precipitate dissolved in n-hexane (40 mL), filtered, concentrated and the 

solution stored at −40 °C overnight. The crystals that formed were filtered off and dried in 

vacuo. The solution was concentrated and stored again at −40 °C for another batch of 

crystals (Yield: 12 %). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 13.8 (broad, 1J(P,Se) = 714.2 Hz), −34.1 

(broad, 1J(P,Se) = 649.7 Hz). The broad satellites make the calculation of the coupling 

constants inaccurate. However, the centres of the broad satellites were taken for the 

calculation of the couplings. 

77Se NMR (51.52 MHz, [D8]toluene): δ [ppm] = very weak signals: 65.5 (d, 1J(Se,P) = 

647.2 Hz), −62.8 (d, 1J(Se,P) = 722.4 Hz).  

HR-MS (ESI+, m/z), 919.1887 [M+] (calculated for C37H62P2Se2N6Ag: 919.1899 [M+]). 

EA calcd (%) for C37H63P2N6AgSe2: C 48.32, H 6.90, N 9.14 found: C 48.22, H 7.02, N 9.07. 
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F.4 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAgSe)]4 (IV-4) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) was 

dissolved in toluene (20 mL). This solution was added to a cooled (−78 °C) suspension of 

Ag(BF4) (117 mg, 0.60 mmol, 1 eq) suspended in toluene (15 mL) dropwise over 15 min by 

cannula. The reaction mixture was stirred at that temperature for 2 h and then warmed to 

room temperature, where it was stirred for an additional 20 h. The solvent was removed in 

vacuo and the precipitate dissolved in n-hexane (40 mL), filtered, concentrated and the 

solution stored at −40 °C overnight. The crystals that formed were filtered off and dried in 

vacuo. The solution was concentrated and stored again at −40 °C for another batch of 

crystals. Yield: 22 % 

1H NMR (400.30 MHz, [D8]toluene): δ [ppm] = 3.30 (4H, NH), 1.89 (broad, 72H, 2 x tBu), 1.78 

(broad, 36H, tBu), 1.23 (broad, 36H, tBu).  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 13.9 (broad,1J(P,Se) = not observed due to 

broad signal, −55.4 (broad, 1J(P,Se) = not observed due to broad signal). 

HR-MS (ESI+, m/z), 614.9943 [M++H] – one unit (calculated for one unit C16H38P2N4Se2Ag: 

614.9953 [M++H]). 

EA calcd (%) for C64H148P8N16Ag4Se8: C 31.34, H 6.08, N 9.14 found: C 31.26, H 6.00, N 

9.03. 
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F.5 SYNTHESIS OF [(tBuNP(µ-NtBu)2PtBuN)(µ-SeAuSe)]3 (IV-5) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) was 

dissolved in toluene (20 mL). This solution was added to a cooled (−78 °C) suspension of 

AuCl•THT (192 mg, 0.60 mmol, 1 eq) suspended in toluene (15 mL) dropwise over 15 min by 

cannula. The reaction mixture was stirred at that temperature for 2 h and then warmed to 

room temperature, where it was stirred for an additional 20 h. The solvent was removed in 

vacuo and the precipitate dissolved in n-hexane (40 mL), filtered, concentrated and the 

solution stored at −40 °C overnight. The red crystals that formed were filtered off and dried in 

vacuo. The solution was concentrated and stored again at −40 °C for another batch of 

crystals (yield: 14 %). 

1H NMR (400.30 MHz, [D8]toluene): δ [ppm] = 3.85 (3NH), 1.93 (54H, 2 x tBu), 1.52 (27H, 

tBu) 1.22 (27H, tBu). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 4.9 (d, 1J(P,Se) = 657.3 Hz, 2J(P,P) = 

16.4 Hz), −57.6 (d, 1J(P,Se) = 626.8 Hz, 2J(P,P) = 16.4 Hz). 

 77Se NMR (51.52 MHz, [D8]toluene): δ [ppm] = 132.4 (d, 1J(P,Se) = 621.2 Hz), 209.0 (d, 
1J(P,Se) = 643.6 Hz). 

MS (EI+, m/z), 648.9 [1/3 M+] (calculated: 649.0 [1/3 M+ = C16H38Au1P2Se2 = one unit]). 

EA: compound contaminated with AuCl•THT. 

The 31P NMR spectrum showed that the filtrate contained additional product, which could not 

be separated from [(HNtBu)Se=P(µ-NtBu)2P=Se(HNtBu)] (BP-1) [δ(31P) = 26.7 ppm, 1J(P,Se) 

= 880 Hz)][150]. 
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F.6 SYNTHESIS OF [{tBuN(Se)P(µ-NtBu)2P(Se)NHtBu)}2(µ-Hg)] (IV-6) 

 
[Na(THF)2]2[tBuN(Se)P(µ-NtBu)2P(Se)NtBu)][150] (P-3) (500 mg, 0.60 mmol, 1 eq) dissolved in 

toluene (20 mL) and cooled to (−78 °C) was added to a cooled (−78 °C) toluene suspension 

(15 mL) of HgCl2 (163 mg, 0.60 mmol, 1 eq) over 15 min by cannula. The reaction mixture 

was stirred at that temperature for 2 h and then warmed to room temperature, where it was 

stirred for an additional 20 h. The solvent was removed in vacuo and the precipitate 

dissolved in n-hexane (40 mL), filtered, concentrated and the solution stored at −40 °C 

overnight. The crystals that formed were filtered off and dried in vacuo. The solution was 

concentrated and stored again at −40 °C for another batch of crystals. Yield: 9 % (mixture, 

other compounds also present according 31P NMR). 

1H NMR (400.30 MHz, [D8]toluene): δ [ppm] = (signals for NH could not be reliably identified) 

1.94 (tBu), 1.75 (tBu), 1.62 (tBu), 1.58 (tBu).  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 4.6 (d, 2J(P,P) = 16.3 Hz), −59.2 (d, 2J(P,P) = 

16.3 Hz). 1J(P,Se) could not be identified due to the low quality of the spectra obtained 

numerous times. 

HR-MS (ESI+, m/z), 1213.1454 [M++H] (calculated for C32H75P4Se4N8Hg: 1213.1448 [M++H]). 

EA calcd (%) for C32H74P4N8HgSe4: C 31.73, H 6.16, N 9.25 found: C 31.44, H 6.28, N 9.15. 

F.7 SYNTHESIS OF {Cu[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]2} (IV-7) 

 
[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in toluene (20 mL). This solution was added to a cooled (−78 °C) suspension of CuCl (67 mg, 

0.68 mmol, 1 eq) suspended in toluene (15 mL) dropwise over 15 min by cannula. The 

reaction mixture was stirred at that temperature for 2 h and then warmed to room 
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temperature, where it was stirred for an additional 20 h. The colourless solid material was 

filtered off (this compound appeared to be completely insoluble but was characterised by 

solid-state 31P NMR) and dried under vacuum. Suspending the colourless powder in THF 

and stirring it for 24 h resulted in a green suspension that was filtered. The filtrate was left 

under argon at −40 °C to yield green crystals of IV-7 (yield: 22 %).  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 4.9 (d, 2J(P,P) = 16.4 Hz), −57.6 (d, 2J(P,P) = 

16.4 Hz).  

MS (CI+, m/z), 885.3 [M+], (calculated: 885.3 [M+]). 
HR-MS (CI+, m/z) 885.3154 [M+] (calculated: 885.3160 [M+]). 

F.8 SYNTHESIS OF {[tBu(H)NP(S)(µ-NtBu)2P(S)NtBu]Au2[tBuN(S)P(µ-

NtBu)2P(S)NtBu]}2{µ-Au2} (IV-8) 

 

[Na(THF)2]2[tBuN(S)P(µ-NtBu)2P(S)NtBu)][150] (P-4) (500 mg, 0.68 mmol, 1 eq) was dissolved 

in toluene (20 mL). This solution was added to a cooled (−78 °C) suspension of AuCl•THT 

(216 mg, 0.68 mmol, 1 eq) suspended in toluene (15 mL) dropwise over 15 min by cannula. 

The reaction mixture was stirred at that temperature for 2 h and then warmed to room 

temperature, where it was stirred for an additional 20 h. The solvent was removed in vacuo 

and the precipitate dissolved in n-hexane (40 mL), filtered, concentrated and the solution 

stored at −40 °C overnight. The colourless crystals that formed were filtered off and dried in 

vacuo. The solution was concentrated and stored again at −40 °C for another batch of 

crystals (yield: 49 %). 

1H NMR (400.30 MHz, [D8]toluene): δ [ppm] = (signals for NH could not be reliably identified) 

1.87 (36H, 4 x tBu), 1.83 (36H, 4 x tBu), 1.67 (18H, 2 x tBu), 1.51 (36H, 4 x tBu), 1.36 (18H, 

2 x tBu). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 38.1 (d, 2J(P,P) = 23.4 Hz), 32.9 (d, 2J(P,P) = 

23.4 Hz), 19.2 (s). 

EA calcd (%) for C64H146P8N16Au6S8: C 27.20, H 5.21, N 7.93 found: C 27.46, H 5.02, N 7.73.  
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F.9 SYNTHESIS OF {(I)Ag[tBu(H)NP(µ-NtBu)2P(Te)N(H)tBu]3} (IV-9) 

 
[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) (200 mg, 0.24 mmol) was suspended 

in toluene and cooled to −78 °C. A solution of AgI (55 mg, 0.24 mmol) in toluene (15 mL) was 

maintained at −78 °C and added dropwise over 15 min by cannula. The reaction mixture was 

stirred for 30 min before being allowed to warm to RT and stirred for an additional 1 h. The 

solvent was then removed and the solid residue was dissolved in n-hexane, filtered and 

stored at −78 °C overnight. This afforded colourless prism shaped crystals that were filtered 

off and dried under vacuum. Yield: 14 %. 

1H NMR (400.30 MHz, [D8]toluene): δ [ppm] = 4.63 (3H, NH), 3.80 (3H, NH), 1.63 (broad, 

54H, 2 x tBu), 1.48 (broad, 27H, tBu), 1.30 (broad, 27H, tBu).  

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 83.0 (s, broad), −46.0 (s, broad, 1J(P,Te) = 

1938.8 Hz). 

HR-MS (ESI+, m/z), 1537.3856 [M+−I] (calculated for C48H114N12P6Te3Ag: 1537.3916 [M+−I]). 

EA calcd (%) for C48H114P6N12AgITe3: C 34.67, H 6.91, N 10.11 found: C 34.79, H 7.03, N 

9.95. 
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F.10 SYNTHESIS OF [Cp*Rh][{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te] (IV-10) 

 
[Li(TMEDA)]2[tBuN(Te)P(µ-NtBu)2P(Te)NtBu)][48] (P-1) (300 mg, 0.35 mmol) was suspended 

in toluene and cooled to −78 °C. A solution of [Cp*RhCl2]2 (109 mg, 0.18 mmol) in toluene 

(15 mL) was maintained at −78 °C and added dropwise over 15 min by cannula. The reaction 

mixture was stirred for 30 min before being allowed to warm to RT and stirred for an 

additional 1 h. The mixture was then filtered to remove the released elemental Te and the 

solvent was removed under reduced pressure. The solid residue was dissolved in n-hexane, 

filtered and the solvent was removed to afford a dark reddish black material. Recrystallisation 

from n-hexane afforded black crystals that were filtered, dried and identified as the Rh-Te5 

complex {Te,Te’,Te’’-Cp*Rh[{tBuN(Te)P(µ-NtBu)2P(Te)NtBu}2µ-Te]} (IV-10). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −123.4 (s, 1J(P,Te) = 1136 Hz), −126.8 (d, 
1J(P,Te) = 1270 Hz; 2J(P,Rh) = 4.5 Hz).  

MS (ESI+, m/z), 1580.05 [M+] (calculated for C42H87N8P4RhTe5: 1580.04 [M+]). 
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G EXPERIMENTAL PROCEDURES – CHAPTER V 

In the following reactions 5-Bromo-6-diisopropylphosphinoacenaphthene (abb. (iPr)2P–Ace–

Br) (P-5) was used as a starting material, synthesised according to literature procedures.[273] 

The ditellurides used were also prepared following literature procedures.[280] Complete 

resonance assignments for 13C NMR and 1H NMR spectra were performed for MesTe–

Acenap–P(iPr)2 and [MesTe–Acenap–P(iPr)2][PtCl2]. For all remaining compounds the 

assignments were limited to the shifts and couplings of the resonances or to all easily 

assignable atoms. 

 GENERAL REACTION OF (iPr)2P–Acenap–Br WITH DITELLURIDES 

 

To a cooled (−78 °C), rapidly stirring solution of (iPr)2P–Acenap–Br (P-5) (500 mg, 

1.43 mmol) in THF (15 ml) n-butyllithium (0.57 ml of 2.5 M solution in n-hexane, 1.43 mmol) 

was added dropwise over 10 min, and the mixture was left to stir for one hour at the same 

temperature. 

The ditelluride (0.72 mmol, 1 eq. RTe) was dissolved in THF (10 mL) in another Schlenk 

flask and an iodine solution (182 mg, 0.72 mmol, 1 eq. I) in THF (10 mL) was added by 

syringe. After 30 min of stirring, the mixture containing the RTeI was cooled to −78 °C and 

then added via cannula to the rapidly stirred and cooled solution of (iPr)2P–Acenap–Li. The 

reaction mixture was left to stir and warm up to room temperature overnight. The THF was 

removed under vacuum, DCM (30 mL) was added to the resulting oil/solid and the 

suspension filtered to remove LiI. After the removal of DCM under vacuum, n-hexane 

(20 mL) was added and the mixture stirred for 30 min. The mixture was cooled to 0 °C and 

the solid was filtered off using a Schlenk frit. The solid was dried under vacuum for about 3 h. 

Recrystallisation from DCM at −35 °C to −40 °C for about two days afforded crystals that 

were filtered off and dried in vacuo. (Note: All compounds show low solubility in n-hexane – 

The procedure as described above is the best to afford pure material; However higher yields 

can be gained by leaving the n-hexane washing out of the procedure). 

 

 

1) nBuLi, THF, –78°C
2) RTeI, THF, –78°C

PBr PTe
R

R = Mes (V-1), Tip (V-2), Nap (V-3), p-An (V-4),
       Ph (V-5), Tol (V-6), p-tBuPh (V-7), PhF (V-8)P-5
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G.1 SYNTHESIS OF MesTe–Acenap–P(iPr)2 (V-1) 

 
Synthesis according to the general procedure: Bis(2,4,6-trimethylphenyl)ditelluride 

(MesTeTeMes) (353 mg, 0.72 mmol, 0.5 eq) was used as starting material. (Yield: 87 %) 

M.p. 155 °C (dec.). 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 7.72 (dd, 1H, 3J(H,P) = 3.9 Hz, 3J(H,H) = 7.1 Hz, 

H8, AcenapH), 7.34 (d, 1H, 3J(H,H) = 7.1 Hz, H7, AcenapH), 7.19 (d, 1H, 3J(H,H) = 7.3 Hz, 

H2, AcenapH), 7.05 (s, 2H, H15+17, MesH), 6.92 (d, 1H, 3J(H,H) = 7.4 Hz, H3, AcenapH), 

3.39 (m, 2H, H12, AcenapCH2), 3.31 (m, 2H, H11, AcenapCH2), 2.58 (s, 6H, H20+21, 

2xMesCH3), 2.36 (s, 3H, H19, MesCH3), 2.25 (m, 2H, H22+25, CH), 1.26 (dd, 6H, 3J(H,P) = 

15.4 Hz, 3J(H,H) = 6.9 Hz, H23 or 24+26 or 27, CH3), 1.04 (dd, 6H, 3J(H,P) = 12.4 Hz, 
3J(H,H) = 6.9 Hz, H23 or 24+26 or 27, CH3). 
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 149.0 (s, qC, C6), 145.0 (s, qC, C14+C18), 144.8 

(d, qC, 4J(C,P) = 2.2 Hz, C4), 140.3 (d, qC, 3J(C,P) = 7.8 Hz, C5), 139.6 (d, qC, 2J(C,P) = 

26.9 Hz, C10), 138.4 (s, qC, C16), 133.9 (d, CH, 3J(C,P) = 2.8 Hz, C8), 133.8 (s, CH, C2), 

133.3 (d, qC, J(C,P) = 91.8 Hz, C13), 129.2 (d, qC, 2J(C,P) = 15.0 Hz, C9), 127.4 (d, CH, 
7J(C,P) = 4.9 Hz, C15+C17), 120.9 (s, CH, C3), 118.9 (s, CH, C7), 113.4 (d, qC, 3J(C,P) = 

6.2 Hz, C1), 30.4 (s, CH2, C12), 29.5 (s, CH2, C11), 28.7 (s, CH3, C20+21), 25.7 (d, CH, 
1J(C,P) = 13.4 Hz, C22+C25), 21.2 (s, CH3, C19), 20.3 (d, CH3, 2J(C,P) = 17.1 Hz, 

C23/24/26/27), 19.8 (d, CH3, 2J(C,P) = 8.7 Hz, C23/24/26/27). 

31P NMR (202.46 MHz, [D8]toluene): δ [ppm] = −20.9 (s, J(P,125Te) = 1332.2 Hz; J(P,123Te) = 

1105.4 Hz; J(P,C) = 93.1 Hz). 
31P NMR (242.99 MHz, solid state, 25 °C, MAS 40 kHz, NaH2PO4): δ [ppm] = −25.4 (s, 

J(P,125Te) = 1336.4 Hz).  

123Te NMR (70.70 MHz, [D8]toluene): δ [ppm] = 370.2 (J(123Te,P) = 1105 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 372.2 (J(125Te,P) = 1337.4 Hz). 

HR-MS (ESI+, m/z), 519.1450 [M++H] (calculated for C27H33PTe: 519.1457 [M++H], 100%);  
MS (EI+, m/z), 518.0 [M+] (calculated: 518.1 [M+]). 

EA calcd (%) for C27H33PTe: C 62.83, H 6.44, found: C 62.95, H 6.36. 
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G.2 SYNTHESIS OF TipTe–Acenap–P(iPr)2 (V-2) 

 
Synthesis according to the general procedure: Bis(2,4,6-triisopropylphenyl)ditelluride 

(TipTeTeTip) (474 mg, 0.72 mmol, 0.5 eq) was used as starting material. (Yield: 53 %) 

M.p. 152 °C (dec.). 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 7.73 (dd, 1H, 3J(H,P) = 3.8 Hz, 3J(H,H) = 7.1 Hz, 

H8, AcenapH), 7.35 (d, 1H, 3J(H,H) = 7.1 Hz, H7, AcenapH), 7.26 (d, 1H, 3J(H,H) = 7.3 Hz, 

H2, AcenapH), 7.17 (s, 2H, H15+17, TipH), 6.96 (d, 1H, 3J(H,H) = 7.4 Hz, H3, AcenapH), 

3.82 (sep, 2H, H19+H25, (Tip)iPr-H), 3.39 (m, 2H, H12, AcenapCH2), 3.32 (m, 2H, H11, 

AcenapCH2), 3.00 (sep, 1H, H22, (Tip)iPr-H), 2.28 (m, 2H, H28+H31, CH), 1.37 (s, 12H, 

H20+21+26+27, 2xTipCH3), 1.36 (s, 6H, H23+24, TipCH3), 1.30 (dd, 6H, 3J(H,P) = 15.2 Hz, 
3J(H,H) = 7.0 Hz, H29 or 30 + 32 or 33, CH3), 1.04 (dd, 6H, 3J(H,P) = 12.5 Hz, 3J(H,H) = 

7.0 Hz, H29 or 30 + 32 or 33, CH3).  
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 154.6 (s, qC, C14+C18), 149.7 (s, qC, C16), 149.0 

(s, qC, C6), 144.64 (d, qC, 3J(C,P) = 1.7 Hz, C4), 140.3 (d, qC, 3J(C,P) = 7.8 Hz, C5), 139.4 

(d, qC, 2J(C,P) = 27.1 Hz, C10), 135.4 (s, CH, C2), 134.7 (d, qC, J(C,P) = 91.7 Hz, C13), 

133.8 (d, CH, 3J(C,P) = 2.7 Hz, C8), 129.2 (d, qC, 2J(C,P) = 15.4 Hz, C9), 121.2 (d, CH, 
7J(C,P) = 4.7 Hz, C15+C17), 120.8 (s, CH, C3), 118.9 (s, CH, C7), 115.0 (d, qC, 3J(C,P) = 

5.7 Hz, C1), 39.0 (s, CH, C25+19), 34.2 (s, CH, C22), 30.4 (s, CH2, C12), 29.4 (s, CH2, C11), 

25.7 (d, CH, 1J(C,P) = 13.5 Hz, C28+C31), 24.1 (s, CH3, C20+21+26+27), 24.0 (s, CH3, 

C23+C24), 20.3 (s, CH3, C29/30/32/33), 20.1 (s, CH3, C29/30/32/33), 19.7 (s, CH3, 

C29/30/32/33), 19.6 (s, CH3, C29/30/32/33).  
31P NMR (202.46 MHz, [D8]toluene): δ [ppm] = −21.6 (s, J(P,125Te) = 1366.8 Hz, J(P,123Te) = 

1133.5 Hz), J(P,C) = 91.2 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 320.9 (J(125Te,P) = 1359.6 Hz). 

HR-MS (ASAP, m/z), 603.2390 [M++H] (calculated for C33H46PTe: 603.2397 [M++H], 100%). 

EA calcd (%) for C33H45PTe: C 66.03, H 7.56, found: C 66.02, H 7.51. 
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G.3 SYNTHESIS OF NapTe–Acenap–P(iPr)2 (V-3) 

 
Synthesis according to the general procedure: (NapTe)2 (365 mg, 0.72 mmol, 0.5 eq) was 

used as starting material. (Yield: 26 %) 

M.p. 129 °C. 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = Signals for the Nap moiety appear between 8.4 and 

7.1; 7.68 (dd, 1H, 3J(H,P) = 3.9 Hz, 3J(H,H) = 7.1 Hz H8, AcenapH), 7.28 (d, 1H, 3J(H,H) = 

7.3 Hz, H7, AcenapH), 7.10 (d, 1H, 3J(H,H) = 7.4 Hz, H2, AcenapH), 6.64 (d, 1H, 3J(H,H) = 

7.4 Hz, H3, AcenapH), 3.25 (d, 2H, 3J(H,H) = 6.7 Hz, H12, AcenapCH2), 3.14 (d, 2H, 
3J(H,H) = 7.0 Hz, H11, AcenapCH2), 2.22 (m, 2H, H23+26, CH), 1.24 (dd, 3H, 3J(H,P) = 

15.6 Hz, 3J(H,H) = 7.0 Hz, H24 or 25+27 or 28, CH3), 1.11 (dd, 3H, 3J(H,P) = 15.1 Hz, 
3J(H,H) = 7.0 Hz, H24 or 25+27 or 28, CH3), 1.03 (dd, 3H, 3J(H,P) = 12.7 Hz, 3J(H,H) = 

6.9 Hz, H24 or 25+27 or 28, CH3), 0.93 (dd, 3H, 3J(H,P) = 11.7 Hz, 3J(H,H) = 6.9 Hz, 

H24 or 25+27 or 28, CH3). 
13C NMR (125.71 MHz, CDCl3): δ [ppm] = Due to overlaps the C resonances of the Nap 

moiety could not reliably assigned; 149.1 (s, qC, C6), 144.9 (d, qC, 4J(C,P) = 2.1 Hz, C4), 

139.4 (d, qC, J(C,P) = 27.1 Hz, C10), 140.2 (s, qC, C5), 135.7 (s, CH, C2), 134.2 (d, CH, 
3J(C,P) = 2.3 Hz, C8), 128.7 (d, qC, 1J(C,P) = 12.7 Hz, C9), 121.0 (s, CH, C3), 119.1 (d, CH, 
3J(C,P) = 9.1 Hz, C7), 113.1 (d, qC, 3J(C,P) = 6.9 Hz, C1), 30.4 (s, CH2, C12), 29.4 (s, CH2, 

C11), 25.7 (d, CH, 2J(C,P) = 12.6 Hz, C23/26), 23.4 (d, CH, 2J(C,P) = 11.3 Hz, C23/26) 20.5 

(d, CH3, 2J(C,P) = 18.4 Hz, C24 or 25+27 or 28), 20.4 (d, CH3, 2J(C,P) = 16.7 Hz, 

C24 or 25+27 or 28), 19.78 (d, CH3, 2J(C,P) = 8.1 Hz, C24 or 25+27 or 28), 19.01 (d, CH3, 
2J(C,P) = 9.3 Hz, C24 or 25+27 or 28). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −21.4 (s, J(P,125Te) = 1349.3 Hz; J(P,123Te) = 

1119.3 Hz; J(P,C) = 108.5 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 483.9 (J(125Te,P) = 1350.2 Hz). 

HR-MS (APCI+, m/z), 527.1141 [M++H] (calculated for C28H30PTe: 527.1144 [M++H], 100%); 

519.1111 [M++H] (calculated for C28H30P122Te: 519.1110 [M++H], 100%). 

EA calcd (%) for C28H29PTe • 0.5(CH2Cl2): C 60.42, H 5.34, found: C 59.34, H 5.46. 
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G.4 SYNTHESIS OF p-AnTe–Acenap–P(iPr)2 (V-4) 

 
Synthesis according to the general procedure: Bis(4-methoxyphenyl)ditelluride (AnTeTepAn) 

(336 mg, 0.72 mmol, 0.5 eq) was used as the starting material. (Yield: 39 %) 

M.p. 67 °C. 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 7.87 (dd, 2H, 3J(H,H) = 8.6 Hz, J = 2.8 Hz, H14/18, 

AnH), 7.71 (dd, 1H, J = 4.0 Hz, 3J(H,H) = 7.1 Hz, H8, AcenapH), 7.34 (m, 2H, H2, AcenapH), 

7.33 (m, 1H, 3J(H,H) = 7.3 Hz, H7, AcenapH), 6.97 (d, 1H, 3J(H,H) = 7.4 Hz, H3, AcenapH), 

6.90 (m, 1H, 3J(H,H) = 7.4 Hz, H15/17, AnH), 3.88 (s, 3H, H19, AnCH3), 3.39 (m, 2H, H12, 

AcenapCH2), 3.32 (m, 2H, H11, AcenapCH2), 2.23 (m, 2H, H20+23, CH), 1.23 (dd, 6H, 
3J(H,P) = 15.5 Hz, 3J(H,H) = 7.0 Hz, H21/22/24/25, CH3), 1.02 (dd, 6H, 3J(H,P) = 12.6 Hz, 
3J(H,H) = 7.0 Hz, H21/22/24/25, CH3). 
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 159.6 (s, qC, C16), 149.0 (s, qC, C6), 145.0 (m, 

qC, C4), 141.7 (s, CH, C14/C18), 140.2 (d, qC, J(C,P) = 8.1 Hz, C5), 139.5 (d, qC, J(C,P) = 

27.0 Hz, C10), 135.1 (s, CH, C2), 134.0 (d, CH, J(C,P) = 2.8 Hz, C8), 129.2 (d, qC, 1J(C,P) = 

13.7 Hz, C9), 120.9 (d, qC, J(C,P) = 103.3 Hz, C13), 120.6 (s, CH, C3), 118.9 (s, CH, C7), 

115.4 (d, CH, J(C,P) = 4.3 Hz, C15+C17), 114.0 (d, qC, J(C,P) = 5.5 Hz, C1), 55.1 (s, CH3, 

C19), 30.4 (s, CH2, C12), 29.4 (s, CH2, C11), 25.7 (d, CH, 1J(C,P) = 12.6 Hz, C20+C23), 20.3 

(d, CH3, 2J(C,P) = 17.0 Hz, C21/22/24/25, 19.7 (d, CH3, 2J(C,P) = 8.5 Hz, C21/22/24/25). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −20.4 (s, J(P,125Te) = 1323.4 Hz; 1J(P,123Te) = 

1096.3 Hz; J(P,C) = 100.4 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 580.9 (J(125Te,P) = 1323.4 Hz). 

HR-MS (APCI+, m/z), 507.1093 [M++H] (calculated for C25H30OPTe: 507.1093 [M++H], 100%) 

C25H30OP122Te: 499.1062 [M++H] (calculated for C25H30OP122Te: 499.1059 [M++H]). 

EA calcd (%) for C25H29PTeO: C 59.57, H 5.80, found: C 59.49, H 5.87. 
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G.5 SYNTHESIS OF PhTe–Acenap–P(iPr)2 (V-5) 

 
Synthesis according to the general procedure: Diphenyl ditelluride (PhTeTePh) (293 mg, 

0.72 mmol, 0.5 eq) was used as a starting material and was reacted with iodine (182 mg, 

0.72 mmol, 0.5 eq.). (Yield 14 %) 

M.p. 78 °C. 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 7.94 (m, 2H, H16, PhH), 7.72 (d, 1H, 3J(H,P) = 

4.0 Hz, 3J(H,H) = 7.1 Hz, H8, AcenapH), 7.41 (m, H15+17, PhH), 7.38 (d, 3J(H,H) = 7.4 Hz, 

H2, AcenapH), 7.36-7.33 (m, H14+18//H7, PhH and AcenapH), 6.97 (d, 1H, 3J(H,H) = 7.4 Hz, 

H3, AcenapH), 3.32 (m, 2H, H12, AcenapCH2), 3.28 (m, 2H, H11, AcenapCH2) 2.20 (m, 2H, 

H19+22, CH), 1.20 (dd, 6H, 3J(H,P) = 15.5 Hz, 3J(H,H) = 6.9 Hz, H21/23/20/24 CH3), 0.99 

(dd, 6H, 3J(H,P) = 12.7 Hz, 3J(H,H) = 7.0 Hz, H21/23/20/24, CH3). 

13C NMR (125.71 MHz, CDCl3): δ [ppm] = 149.1 (s, qC, C6), 145.1 (d, qC, 4J(C,P) = 1.7 Hz, 

C4), 140.2 (d, qC, 3J(C,P) = 7.9 Hz, C5), 139.9 (s, CH, C16), 139.5 (d, qC, 2J(C,P) = 26.7 Hz, 

C10), 135.5 (s, CH, C2), 134.2 (d, CH, 2J(C,P) = 2.9 Hz, C8), 131.4 (s, qC, J(C,P) = 

103.6 Hz, C13), 129.5 (d, 2xCH, 4J(C,P) = 4.1 Hz, C14+C18), 129.1 (qC, 3J(C,P) = 13.1 Hz, 

C9), 127.8 (s, 2xCH, C15+C17), 120.7 (s, CH, C3), 119.0 (s, CH, C7), 113.6 (d, qC, 3J(C,P) 

= 6.5 Hz, C1), 30.4 (s, CH2, C12), 29.5 (s, CH2, C11), 25.8 (d, CH, 1J(C,P) = 12.4 Hz, 

C19+C22), 20.3 (d, CH3, 2J(C,P) = 16.8 Hz, C20/21/23/24), 19.7 (d, CH3, 2J(C,P) = 8.3 Hz, 

C20/21/23/24). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −20.8 (s, J(P,125Te) = 1305.6 Hz, J(P,123Te) = 

1083.6 Hz, J(P,C) = 100.4 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 597.4 (J(125Te,P) = 1306.7 Hz). 

HR-MS (ASAP, m/z), 477.0979 [M++H] (calculated for C24H28PTe: 477.0987 [M++H], 100%). 

EA: Every sample was slightly contaminated, which prevented precise analysis. 
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G.6 SYNTHESIS OF TolTe–Acenap–P(iPr)2 (V-6) 

 
Synthesis according to the general procedure: Bis(tolyl)ditelluride (TolTeTeTol) (314 mg, 

0.72 mmol, 0.5 eq) was used as starting material. Crystallisation proved to be unsuccessful; 

decomposition was observed on multiple attempts. Crystals of the compound melt at RT to 

give an amorphous material. (Yield < 10 %) 

1H NMR (499.90 MHz, CDCl3): δ [ppm] = 7.85 (d, 2H, 3J(H,H) = 7.8 Hz, H14+18, TolH), 7.71 

(dd, 1H, J = 4.0 Hz, 3J(H,H) = 7.1 Hz, H8, AcenapH), 7.36 (d, 1H, 3J(H,H) = 7.4 Hz, H2, 

AcenapH), 7.33 (d, 1H, 3J(H,H) = 7.2 Hz, H7, AcenapH), 7.16 (m, 2H, H15+17, TolH), 6.96 

(d, 1H, 3J(H,H) = 7.4 Hz, H3, AcenapH), 3.38 (m, 2H, H12, AcenapCH2), 3.32 (m, 2H, H11, 

AcenapCH2), 2.41 (s, 3H, H19, TolCH3), 2.22 (m, 2H, H20+23, CH), 1.22 (dd, 6H, 3J(H,P) = 

15.5 Hz, 3J(H,H) = 7.0 Hz, H21/22/24/25, CH3), 1.01 (dd, 6H, 3J(H,P) = 15.5 Hz, 3J(H,H) = 

7.0 Hz, H21/22/24/25, CH3). 
13C NMR (125.71 MHz, CDCl3): δ [ppm] = 149.0 (s, qC, C6), 145.0 (s, qC, C4), 140.4 (s, qC, 

C5), 140.1 (s, CH, C14+C18), 139.6 (s, qC, C10), 137.7 (d, qC, C16), 135.3 (s, CH, C2), 

134.0 (m, CH, C8), 129.2 (d, qC, 1J(C,P) = 13.9 Hz, C9), 130.4 (d, CH, 7J(C,P) = 4.1 Hz, 

C15+C17), 127.0 (d, qC, J(C,P) = 102.0 Hz, C13), 120.7 (s, CH, C3), 118.9 (s, CH, C7), 

113.8 (s, qC, C1), 30.4 (s, CH2, C12), 29.5 (s, CH2, C11), 25.8 (d, CH, 1J(C,P) = 12.6 Hz, 

C20+C23), 21.5 (s, CH3, C19), 20.3 (d, CH3, 2J(C,P) = 17.0 Hz, C21/22/24/25, 19.7 (d, CH3, 
2J(C,P) = 8.4 Hz, C21/22/24/25). 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −20.5 (s, J(P,125Te) = 1309.9 Hz; J(P,123Te) = 

1087.2 Hz; J(P,C) = 99.2 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 569.9 (J(125Te,P) = 1307.6 Hz). 

HR-MS (ASAP, m/z), 491.1140 [M++H] (calculated for C25H30PTe: 491.1144 [M++H], 100%). 
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G.7 SYNTHESIS OF p-tBuPhTe–Acenap–P(iPr)2 (V-7) 

 
Synthesis according to the general procedure: Bis(4-tert-butylphenyl)ditelluride (p-tBuPhTe)2 

(374 mg, 0.72 mmol, 0.5 eq) was used as starting material. Mixture of compounds precluded 

further characterisation. Purification proved to be unsuccessful; decomposition was observed 

on multiple attempts. 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −20.5 (s, J(P,125Te) = 1308.2 Hz; J(P,123Te) = 

1082.3 Hz; J(P,C) = 101.0 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 584.4 (J(125Te,P) = 1305.0 Hz). 

G.8 SYNTHESIS OF p-FPhTe–Acenap–P(iPr)2 (V-8) 

 
Synthesis according to the general procedure: Bis(2,4,6-trimethylphenyl)ditelluride 

(MesTeTeMes) (318 mg, 0.72 mmol, 0.5 eq) was used as starting material. Mixture of 

compounds precluded further characterisation. Purification proved to be unsuccessful; 

decomposition was observed on multiple attempts. 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = −21.0 (s, J(P,125Te) = 1334.7 Hz; J(P,123Te) = 

1107.9 Hz; J(P,C) = 106.9 Hz). 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 579.0 (J(125Te,P) = 1333.9 Hz). 
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G.9 SYNTHESIS OF MesTe–Acenap–P(S)(iPr)2 (V-9) 

 
Sulfur flowers (14 mg, 0.43 mmol, 1.1 eq.) are added to a solution of (iPr)2P–Acenap–TeMes 

(V-1) (200 mg, 0.39 mmol) dissolved in toluene (15 mL). The suspension is stirred at 80 °C 

for 12 h and then filtered to remove the excess selenium. The solvent is removed under 

vacuum and the solid material recrystallised from n-hexane at −40 °C to afford colourless 

crystals in an overall yield of 91 %.  

M.p. 178 °C (dec.). 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 7.98 (d, 1H, 3J(H,H) = 7.2 Hz, H2, AcenapH), 7.74 

(dd, 1H, 3J(H,H) = 7.3 Hz, 3J(H,P) = 13.6 Hz, H8, AcenapH), 7.31 (dd, 1H, 3J(H,H) = 7.2 Hz, 
4J(H,H) = 1.4 Hz, H7, AcenapH), 6.94 (d, 1H, 3J(H,H) = 7.2 Hz, H3 AcenapH), 6.79 (s, 2H, 

H15+17, MesH), 3.59 (m, 2H, H22+H25, CH), 3.37 (m, 2H, H12, AcenapCH2), 3.33 (m, 2H, 

H11, AcenapCH2), 2.21 (s, 3H, H19, MesCH3), 2.12 (s, 6H, H20+21, 2xMesCH3), 1.45 (d, 

3H, 3J(H,H) = 7.0 Hz, H23 or 24+26 or 27, CH3), 1.43 (d, 3H, 3J(H,H) = 7.0 Hz, 

H23 or 24+26 or 27, CH3), 1.29 (d, 3H, 3J(H,H) = 7.1 Hz, H23 or 24+26 or 27, CH3), 1.25 (d, 

3H, 3J(H,H) = 7.1 Hz, H23 or 24+26 or 27, CH3). 

13C NMR (125.77 MHz, CDCl3): δ [ppm] = 152.7 (s, qC, C6), 146.7(s, qC, C4), 143.3 (s, qC, 

C13), 143.3 (s, CH, C2), 140.5 (d, qC, 2J(C,P) = 9.2 Hz, C5), 139.0 (s, qC, C10), 137.3 (s, 

qC, C16), 134.7 (s, qC, C14+C18, 134.01 (d, CH, 2J(C,P) = 8.3 Hz, C8), 127.4 (s, CH, 

C15+C17), 122.2 (d, qC, 1J(C,P) = 71.2 Hz, C9), 121.7 (s, CH, C3), 117.4 (d, CH, 4J(C,P) = 

12.3 Hz, C7), 113.3 (s, qC, C1), 30.6 (s, CH, C22 or C25), 30.2 (s, CH, C22 or C25), 30.1 (s, 

CH2, C12), 29.6 (s, CH2, C11), 28.1 (s, CH3, C20+21), 20.9 (s, CH3, C19), 17.4 (s, CH3, 

C23/24/26/27; correlates to 1.29 ppm and 1.25 ppm in the 1H), 16.5 (s, CH3, 

C23/24/26/27;correlates to 1.45 ppm and 1.43 ppm in the 1H). 

31P NMR (202.46 MHz, CDCl3): δ [ppm] = 62.8 (s) 
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 447.0 (s). 

HR-MS (ASAP, m/z), 551.1177 [M++H] (calculated for C27H34PTeS: 551.1175 [M++H], 100%). 

EA calcd (%) for C27H33PTeS: C 59.16, H 6.07, found: C 58.98, H 6.15. 
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G.10 SYNTHESIS OF MesTe–Acenap–P(Se)(iPr)2 (V-10) 

 
Selenium powder (34 mg, 0.43 mmol, 1.1 eq.) is added to a solution of (iPr)2P–Acenap–

TeMes (V-1) (200 mg, 0.39 mmol) dissolved in toluene (15 mL). The suspension is stirred at 

80 °C for 12 h and then filtered to remove the excess selenium. The solvent is removed 

under vacuum and the solid material recrystallised from n-hexane at −40 °C to afford 

colourless crystals in an overall yield of 86 %.  

M.p. 204 °C (dec.). 
1H NMR (500.13 MHz, CDCl3): δ [ppm] = 8.03 (d, 1H, 3J(H,H) = 7.2 Hz, H2, AcenapH), 7.73 

(dd, 1H, 3J(H,P) = 13.2 Hz, 3J(H,H) = 7.4 Hz, H8, AcenapH), 7.28 (dd, 1H, 3J(H,H) = 7.3 Hz, 
4J(H,P) = 1.4 Hz, H7, AcenapH), 6.92 (d, 1H, 3J(H,H) = 7.2 Hz, H3, AcenapH), 6.75 (s, 2H, 

C15+C17, MesH), 3.70 (m, 2H, H22+25, CH), 3.33 (m, 2H, H12, AcenapCH2), 3.29 (m, 2H, 

H11, AcenapCH2), 2.18 (s, 3H, H19, MesCH3), 2.07 (s, 6H, H20+21, 2xMesCH3), 1.44 (d, 

3H, 3J(H,H) = 7.0 Hz, H23 or 24+26 or 27, CH3), 1.41 (d, 3H, 3J(H,H) = 7.0 Hz, 

H23 or 24+26 or 27, CH3), 1.28 (d, 3H, 3J(H,H) = 7.1 Hz, H23 or 24+26 or 27, CH3), 1.24 (d, 

3H, 3J(H,H) = 7.0 Hz, H23 or 24+26 or 27, CH3). 
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 152.9 (s, qC, C4), 146.9 (s, qC, C6), 143.1 (s, qC, 

C13), 140.6 (d, qC, 3J(C,P) = 9.2 Hz, C5), 139.5 (d, qC, 2J(C,P) = 6.6 Hz, C10), 137.3 (s, qC, 

C16), 143.6 (s, CH, C2), 135.8 (s, qC, C14+C18), 134.01 (d, CH, 2J(C,P) = 6.3 Hz, C8), 

127.5 (s, CH, C15+C17), 121.8 (s, CH, C3), 120.6 (d, qC, 1J(C,P) = 63.8 Hz, C9), 117.4 (d, 

CH, 4J(C,P) = 11.8 Hz, C7), 113.1 (s, qC, C1), 30.0 (s, CH2, C11/12), 29.7 (s, CH2, C11/12), 

28.0 (s, CH, C22+C25), 28.0 (s, CH3, C19), 20.9 (s, CH3, C20+21), 18.3 (s, CH3, 

C23/24/26/27), 16.6 (s, CH3, C23/24/26/27). 
31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 55.6 (s, 1J(P,77Se) = 694.9 Hz, , J(P,125Te) = 

12.5 Hz). 
77Se NMR (51.52 MHz, [D8]toluene): δ [ppm] = −353.7 (d, 1J(77Se,P) = 696.6 Hz).  
125Te NMR (85.24 MHz, [D8]toluene): δ [ppm] = 448.5 (dd, J(125Te,P) = 13.3 Hz, J(125Te,P) = 

2.6 Hz, J(125Te,77Se) = 684.4 Hz).  

HR-MS (ASAP, m/z), 597.0605 [M++H] (calculated for C27H34PTeSe: 597.0614 [M++H]). 

EA calcd (%) for C27H33PTeSe: C 54.50, H 5.59, found: C 54.57, H 5.53. 
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G.11 SYNTHESIS OF [MesTe–Acenap–P(iPr)2][µ-PtCl2] (V-11) 

 
A solution of (COD)PtCl2 (145 mg, 0.39 mmol, 1.0 eq.) was added to a stirred solution of 

(iPr)2P–Acenap–TeMes (200 mg, 0.39 mmol) dissolved in DCM by cannula. The mixture was 

stirred for 2 h at RT, filtered and the solvent removed under vacuum. Recrystallisation from 

dichloromethane (DCM) afforded colourless crystals in a yield of 93 %. 

M.p. 136 °C (dec.). 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 8.07 (dd, 1H, 3J(H,H) = 7.6 Hz, 3J(H,P) = 10.8 Hz 

H8, AcenapH), 7.45 (m, 1H, H7, AcenapH), 7.42 (m, 1H, H2, AcenapH), 7.16 (d, 1H, 3J(H,H) 

= 7.2 Hz, H3, AcenapH), 6.96 (s, 2H, H15+17, MesH), 4.39 (m, 1H, H25, CH), 3.45 (m, 4H, 

H11+12, AcenapCH2), 2.74 (s, 6H, H20+21, 2xMesCH3), 2.61 (m, 1H, H22, CH), 2.32 (s, 3H, 

H19, MesCH3), 1.61 (dd, 3H, 3J(H,P) = 17.6 Hz, 3J(H,H) = 4.8 Hz, H23,24, CH3), 1.39 (m, 3H, 
3J(H,P) = 4.0 Hz, 3J(H,H) = 7.0 Hz, H26,27, CH3), 1.23 (dd, 3H, 3J(H,P) = 18.4 Hz, 3J(H,H) = 

6.7 Hz, H23,24, CH3), 1.05 (m, 3H, 3J(H,P) = 18.9 Hz, 3J(H,H) = 6.9 Hz, H26,27, CH3). 

13C NMR (125.77 MHz, CDCl3): δ [ppm] = 153.0 (s, qC, C6), 150.8 (s, qC, C4), 142.6 (s, qC, 

C16), 141.1 (s, qC, C13), 140.3 (d, qC, 3J(C,P) = 7.4 Hz, C5), 137.4 (d, qC, 2J(C,P) = 7.4 Hz, 

C10), 136.8 (s, CH, C2), 134.6 (d, CH, 2J(C,P) = 3.5 Hz, C8), 129.2 (s, CH, C15,17), 123.8 

(s, qC, C14+18), 121.0 (s, CH, C3), 119.1 (d, CH, 4J(C,P) = 9.2 Hz, C7), 116.2 (d, qC, 
1J(C,P) = 47.6 Hz, C9), 101.3 (d, 3J(C,P) = 6.5 Hz, C1), 30.4 (d, CH, 1J(C,P) = 36.7 Hz, C22), 

30.1 (s, CH2, C11/12), 28.2 (s, CH3, C20/21), 25.3 (d, CH, 1J(C,P) = 33.9 Hz, C25), 21.11 (s, 

CH3, C19), 20.5 (s, CH3, C23,24), 19.2 (s, CH3, C23,24), 18.7 (s, CH3, C26,27), 18.1 (d, CH3, 
2J(C,P) = 6.3 Hz, C26,27). 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = 14.5 (s, 1J(P,195Pt) = 3481.6 Hz). 
125Te NMR (85.24 MHz, CDCl3): δ [ppm] = 472.9 (d, J(125Te,P) = 16.9 Hz; 1J(125Te,195Pt) = 

694.5 Hz). 
195Pt NMR (58.08 MHz, CDCl3): δ [ppm] = −4412 (d, 1J(195Pt,P) = 3484.8 Hz). 

HR-MS (ESI+, m/z), 747.0691 [M+−Cl] (calculated for C27H33PPtTeCl: 747.0693 [M+−Cl]). 

EA calcd (%) for C27H33PCl2TePt: C 41.46, H 4.25, found: C 41.33, H 4.34. 
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G.12 SYNTHESIS OF [MesTe–Acenap–P(iPr)2][AuBr] (V-12) + TeCl3–Acenap–PO(iPr)2 
 (V-13)  

 
A solution of AuCl•THT (124 mg, 0.19 mmol, 1.0 eq.) was added to a stirred solution of 

(iPr)2P–Acenap–TeMes (V-1) (with LiBr impurities) (100 mg, 0.19 mmol) dissolved in DCM by 

cannula. The mixture was stirred for 2 h at RT, filtered and the solvent removed under 

vacuum. Recrystallisation from dichloromethane (DCM) afforded colourless crystals in a yield 

of 16 %. 

The compound showed decomposition during the NMR measurements, which prevented the 

reliable assignment of 1H NMR and 13C NMR resonances (appearance of a mixture; 

depositing of a metal thin film on the glass tube) as well as elemental analysis. 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = 46.8 (s, J(P,125Te) = 292.0 Hz). 
125Te NMR (85.24 MHz, CDCl3): δ [ppm] = 470.1 (d, J(125Te,P) = 297.2 Hz). 

HR-MS (ESI+, m/z), 715.1036 [M+−Br] (calculated for C27H33PAuTe: 715.1044 [M+−Br]); 

Lowest m/z isotopes in envelope: 707.1006 [M+−Br] (calculated for C27H33PAu122Te: 

707.1010 [M+−Br]). 

As a main product in the same reaction as for V-12, where no LiBr impurities where observed 

the bridged system TeCl3–Acenap–PO(iPr)2 (V-13) was found and characterised by X-ray 

crystallography. 

 
31P NMR (109.37 MHz, CDCl3): δ [ppm] = 74.0 (s, J(P,125Te) = 136.4 Hz). 

HR-MS (ESI+, m/z), 415.0453 [M+−3Cl−] (calculated for C18H22P4OPTe: 415.0465 [M+−3Cl−]). 
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CATIONIC SYSTEMS 

G.13 SYNTHESIS OF [Te–Acenap–P(iPr)2][Cl] (V-14) 

 
To a cooled (−78 °C), rapidly stirring solution of (iPr)2P–Acenap–Br (P-5) (500 mg, 

1.43 mmol) in THF (15 ml) n-butyllithium (0.57 ml of 2.5 M solution in n-hexane, 1.43 mmol) 

was added dropwise over 10 min, and the mixture was left to stir for one hour at the same 

temperature. 

TeCl2•TMTU (908 mg, 1.43 mmol, 1 eq.) was suspended in THF (10 mL) in another Schlenk 

flask and cooled to −78 °C. To this suspension the (iPr)2P–Acenap–Li containing solution 

was then added via cannula. The reaction mixture was left to stir and warm up to room 

temperature overnight. The formed solid was filtered off and dried under vacuum. 

Recrystallisation from DCM afforded colourless crystals that were filtered off and dried. 

M.p. 267 °C (dec.). 
1H NMR (500.13 MHz, CDCl3): δ [ppm] = 8.87 (d, 1H, 3J(H,H) = 7.4 Hz, H2, AcenapH), 7.80 

(dd, 1H, 3J(H,P) = 9.1 Hz, 3J(H,H) = 7.2 Hz, H8, AcenapH), 7.47 (m, 1H, H3, AcenapH), 7.46 

(m, 1H, H7, AcenapH), 3.50 (m, 2H, H12, AcenapCH2), 3.47 (m, 2H, H11, AcenapCH2), 2.85 

(m, 2H, 3J(H,H) = 6.9 Hz, H13+16, CH), 1.36 (d, 3H, 3J(H,H) = 7.0 Hz, H14/15/17/18, CH3), 

1.32 (d, 3H, 3J(H,H) = 7.0 Hz, H14/15/17/18, CH3), 1.27 (d, 3H, 3J(H,H) = 7.0 Hz, 

H14/15/17/18, CH3), 1.24 (d, 3H, 3J(H,H) = 7.0 Hz, H14/15/17/18, CH3). 
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 153.9 (d, qC, 3J(C,P) = 2.6 Hz, C6), 145.5 (s, qC, 

C4), 141.6 (d, qC, 2J(C,P) = 19.9 Hz, C10), 140.5 (d, qC, 3J(C,P) = 11.7 Hz, C5), 136.6 (d, 

CH, 2J(C,P) = 2.5 Hz, C2), 133.2 (s, CH, C8), 123.3 (s, CH, C3), 120.3 (d, CH, 3J(C,P) = 

9.1 Hz, CC7), 118.3 (d, qC, 1J(C,P) = 45.1 Hz, C9), 113.9 (d, qC, 3J(C,P) = 5.7 Hz, C1), 31.3 

(s, CH2, C12), 30.0 (s, CH2, C11), 26.2 (d, CH, 1J(C,P) = 26.1 Hz, C13+C16), 19.0 (s, 2xCH3, 

C14/15/17/18), 17.6 (d, 2xCH3, 2J(C,P) = 3.1 Hz, C14/15/17/18). 
31P NMR (202.46 MHz, CDCl3): δ [ppm] = 47.6 (s, 1J(P,125Te) = 830.1 Hz; 1J(P,123Te) = 

632.2 Hz; 1J(P,C) = 48.5 Hz). 
125Te NMR (85.24 MHz, CDCl3): δ [ppm] = 190.1 (1J(125Te,P) = 822.6 Hz). 

MS (EI+, m/z), 434.0 [M+] (calculated: 434.0 [M+]); 399.0 [M+−Cl] (calculated: 399.1 [M+−Cl]. 

EA calcd (%) for C18H22PTeCl: C 50.00, H 5.13, found: C 49.88, H 5.19. 
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G.14 SYNTHESIS OF [Te–Acenap–P(iPr)2][Br] (V-15) 

 
To a cooled (−78 °C), rapidly stirring solution of (iPr)2P–Acenap–Br (P-5) (500 mg, 

1.43 mmol) in THF (15 ml) n-butyllithium (0.57 ml of 2.5 M solution in hexane, 1.43 mmol) 

was added dropwise over 10 min, and the mixture was left to stir for one hour at the same 

temperature. 

Tellurium powder (183 mg, 1.43 mmol, 1 eq.) was suspended in THF (10 mL) in another 

Schlenk flask and cooled to −78 °C. To this suspension the (iPr)2P–Acenap–Li containing 

solution was then added via cannula. The reaction mixture was left to stir and warm up to 

room temperature overnight. The formed solid was filtered off using a Schlenk frit and the 

resulting colourless to pale yellow solid dried under vacuum. Recrystallisation from DCM 

afforded a few crystals suitable for X-ray crystallography. The 31P NMR spectrum showed 

that the compound is a minor product in this synthesis: 

31P NMR (162.04 Hz, CDCl3): δ [ppm] = 45.1 (s, 1J(P,125Te) = 907.5 Hz. 
125Te NMR shows no sharp signals. 

MS (EI+, m/z), 477.0 [M+−H] (calculated: 477.0 [M+−H]); 399.1 [M+−Br] (calculated: 399.1 

[M+−Br]. 

The major product for the reaction showed the following NMR characteristics: 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = −19.3 (s, 1J(P,125Te) = 1225.5 Hz; 1J(P,123Te) = 

1016.5 Hz; 1J(P,C) = 70.4 Hz). 
125Te NMR (85.24 MHz, CDCl3): δ [ppm] = 398.9 (1J(125Te,P) = 1223.4 Hz).  

This might be attributable to (iPr)2P–Acenap–Te–Acenap–P(iPr)2. 

DIFFERENT APPROACH – DIFFERENT PRODUCT 
To a cooled (−78 °C), rapidly stirring solution of (iPr)2P–Acenap–Br (P-5) (500 mg, 

1.43 mmol) in THF (15 ml) n-butyllithium (0.57 ml of 2.5 M solution in hexane, 1.43 mmol) 

was added dropwise over 10 min, and the mixture was left to stir for one hour at the same 

temperature. 

TeBr4 (640 mg, 1.43 mmol, 1 eq.) was suspended in THF (10 mL) in another Schlenk flask 

and cooled to −78 °C. To this suspension the (iPr)2P–Acenap–Li containing solution was 
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then added via cannula. The reaction mixture was left to stir and warm up to room 

temperature overnight. The formed orange precipitate was filtered off and dried under 

vacuum. Recrystallisation from DCM afforded crystals that were filtered off and dried. The 

compound is different to the aforementioned species. 

31P NMR (109.37 Hz, CDCl3): δ [ppm] = 56.5 (s, 1J(P,125Te) = 943.9 Hz; 1J(P,123Te) = 

783.1 Hz). 

HR-MS (ESI+, m/z), 399.0512 [M+−X−] (calculated for C18H22PTe: 399.0516 [M+−X−]);  

It is assumed that this structure is also the cationic [(iPr)2P–Acenap–Te]+ with a different 

counterion e.g. 0.5 TeBr6
2−

 or TeBr4
2−. Preliminary crystal structures seem to support this 

assumption. 

G.15 SYNTHESIS OF [Te–Acenap–P(iPr)2][I] + [Te–Acenap–P(iPr)2][TeI6]0.5 (V-16 + V-17) 

         
To a cooled (−78 °C), rapidly stirring solution of (iPr)2P–Acenap–Br (P-5) (500 mg, 

1.43 mmol) in THF (15 ml) n-butyllithium (0.57 ml of 2.5 M solution in n-hexane, 1.43 mmol) 

was added dropwise over 10 min, and the mixture was left to stir for one hour at the same 

temperature. 

TeI4 (909 mg, 1.43 mmol, 1 eq.) was suspended in THF (10 mL) in another Schlenk flask and 

cooled to −78 °C. To this suspension the (iPr)2P–Acenap–Li containing solution was then 

added via cannula. The reaction mixture was left to stir and warm up to room temperature 

overnight. The formed solid was filtered off using a Schlenk frit and the colourless to pale 

yellow solid dried under vacuum. Recrystallisation from DCM afforded two different kinds of 

crystals, which were filtered off and dried under vacuum. 

One compound of the two is the major product with the following NMR data (the signals for 

the second system were to weak to get reliably assigned to the second compound): 

1H NMR (500.13 MHz, CDCl3): δ [ppm] = 8.84 (d, 1H, 3J(H,H) = 7.4 Hz, H2, AcenapH), 7.89 

(dd, 1H, 3J(H,P) = 9.3 Hz, 3J(H,H) = 7.2 Hz, H8, AcenapH), 7.53 (dd, 1H, 3J(H,P) = 2.1 Hz, 
3J(H,H) = 7.1 Hz, H7, AcenapH), 7.46 (d, 1H, 3J(H,H) = 7.4 Hz, H3, AcenapH), 3.52 (m, 2H, 

H12, AcenapCH2), 3.50 (m, 2H, H11, AcenapCH2), 2.96 (m, 2H, 3J(H,H) = 7.0 Hz, H13+16, 

CH), 1.39 (d, 3H, 3J(H,H) = 6.8 Hz, H14/15/17/18, CH3), 1.35 (d, 3H, 3J(H,H) = 6.8 Hz, 
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H14/15/17/18, CH3), 1.30 (d, 3H, 3J(H,H) = 6.9 Hz, H14/15/17/18, CH3), 1.26 (d, 3H, 
3J(H,H) = 6.9 Hz, H14/15/17/18, CH3). 
13C NMR (125.77 MHz, CDCl3): δ [ppm] = 154.2 (s, qC, C6), 146.1 (s, qC, C4), 141.7 (d, qC, 
2J(C,P) = 19.7 Hz, C10), 140.4 (d, qC, 3J(C,P) = 11.7 Hz, C5), 137.6 (s, CH, C2), 133.4 (s, 

CH, C8), 123.4 (s, CH, C3), 120.7 (d, CH, 3J(C,P) = 9.4 Hz, CC7), 117.0 (d, qC, 1J(C,P) = 

45.9 Hz, C9), 111.5 (d, qC, 3J(C,P) = 5.7 Hz, C1), 31.4 (s, CH2, C12), 30.1 (s, CH2, C11), 

26.7 (d, CH, 1J(C,P) = 25.7 Hz, C13+C16), 19.1 (s, 2xCH3, C14/15/17/18), 17.6 (d, 2xCH3, 
2J(C,P) = 3.1 Hz, C14/15/17/18). 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = 50.5 (s, 1J(P,125Te) = 962.5 Hz, 1J(P,C) = 46.2 Hz). 

The NMR shows basically one signal in the 31P NMR spectrum and a set of satellites. The 

signal and satellites are quite broad, which suggest that both compounds are shifting very 

similar.  

MS (EI+, m/z), 399.0 [M+−l or −TeI6] (calculated: 399.1 [M+−l or −TeI6]). 

EA not possible due to the presence of a mixture 

G.16 SYNTHESIS OF [Te–Acenap–P(iPr)2][I] + [Te–Acenap–P(iPr)2][l3] (V-16 + V-18) 

                 
A solution of iodine (147 mg, 0.58 mmol, 1.0 eq. {2.0 eq. of I}) in DCM (10 mL) was added to 

a stirred solution of (iPr)2P–Acenap–TeMes (V-1) (300 mg, 0.58 mmol) dissolved in DCM 

(10 mL) by cannula. The mixture was stirred for 20 h at RT, filtered and the solvent removed 

under vacuum. Recrystallisation from dichloromethane (DCM) afforded a mixture of [(iPr)2P–

Acenap–Te][l] (V-16) and [(iPr)2P–Acenap–Te][l3] (V-18) as was shown by X-ray 

crystallography. As reported for the reactions G-15 the 31P NMR spectrum exhibits only one 

visible resonance. 

31P NMR (109.37 MHz, CDCl3): δ [ppm] = 59.7 (s, 1J(P,125Te) = 1041.3 Hz, 1J(P,123Te) = 

864.9 Hz, J = 48.0 Hz). 
125Te NMR (85.24 MHz, CDCl3): δ [ppm] = 183.9 (d, 1J(125Te,P) = 1018.0 Hz). 

HR-MS (ESI+, m/z), 399.0510 [M+−X−] (calculated for C18H22PTe: 399.0516 [M+−X−]); 

389.0504 [M+−X−] (calculated for C18H22P120Te: 389.0494 [M+−X−]). 
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H EXPERIMENTAL PROCEDURES – CHAPTER VI 

H.1 A POLYMERIC Te COMPOUND – “KRABBELKÄFERLAURIEVERBINDUNG” (VI-1) 

 
Following the synthesis of MesTeTeMes by Oba et al.[280] the final product was recrystallised 

from EtOH. Upon leaving the solution to evaporate at RT white crystals were formed after 

seven days that were suitable for X-ray crystallography. Insolubility precluded further 

characterisation by NMR. 

H.3 INFORMATION ABOUT FcPCl2 (VI-2) 

         
See synthesis of starting materials (vide supra). 

H.2 INFORMATION ABOUT (AdP)4 (VI-3) 

 

(AdP)4 was observed as a by-product of the reaction of AdPCl2 with Na2Te2 and Na2Te in 

THF at low temperatures (−78 °C) (vide supra). 

31P NMR δ [ppm] = 72.8 (s)[130] 

MS (EI+, m/z), 664.4 [M+] (calculated: 664.4 [M+]. 

Te

Te

= FcPCl2

Fe
PCl2

P

PP

P
AdAd

Ad Ad
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H.4 SYNTHESIS OF TeCl2PnBu2tBu (VI-4) 

 

tBuPCl2 (0.50 g, 3.14 mmol) is dissolved in THF (15 mL) and cooled to −78 °C and TMEDA 

(1.46 g, 1.88 mL, 4 eq.) was added. Afterwards n-butyllithium (2.51 mL of 2.5 M solution in n-

hexane, 6.28 mmol) was added dropwise over 10 min, and the mixture was left to stir for one 

hour at the same temperature. Afterwards, a cooled suspension of TeCl2•TMTU (1.04 g, 

3.14 mmol, 1 eq.) was added by cannula and the reaction mixture stirred for 1 h at −78 °C 

and for another 12 h at RT. The solvent was removed from the reaction and the remaining 

solid redissolved in n-hexane (30 mL). The suspension was filtered and the filtrate stored in 

the freezer at −40 °C overnight. The formed yellow crystals were filtered and dried under 

vacuum. (Yield: 23 %) 

31P NMR (109.37 MHz, [D8]toluene): δ [ppm] = 23.9 (1J(P,Te) = 1725.9 Hz).  

MS (EI+, m/z), 332.0 [M+−2Cl] (calculated: 332.1 [M+−2Cl]. 
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APPENDIX 
A CRYSTAL STRUCTURE DATA 

The cif files of the crystal structures presented in this work are available on the provided 

compact disc (CD, last page) or on request from Prof J. Derek Woollins: jdw3@st-

andrews.ac.uk. For further questions regarding this work, please contact the author: 

a.nordheider@gmail.com. 

B LIST OF COMPOUNDS AND NUMBERING SCHEME 

The following list shows the synthesised compounds and their appropriate number according 

the numbering scheme. The list is spearheaded by the most important starting materials 

used in this thesis (P = precursor) and followed by the most frequently observed by-products 

(BP = by-products). Afterwards the synthesised, novel compounds are ordered in chapters in 

the order of their appearance in this work. 
 

STARTING MATERIALS AND BY-PRODUCTS: 

 

CHAPTER I: 

 

CHAPTER II: 
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